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FOREWORD

First guesses for the RTCC TLI processor are obtained from the use
of two subroutines, CIST and UFDATE. CIST defines the coplanar injection
into a simulated trejectory from an earth parking orbit, UPDATE modifies
the coplanar TLI targeting elements output by CIST to compensate for a
dispersion in the time of the parking orbit stete vector. .This document
describes how these two subroutines work, and how their satellite sub-
routines work.

This document is, in effect, & resume of literature distributed
during the past year and a helf describing subroutines CIST and UFDATE
end their use. This literature consists of numbered memorandums and
informal handouts. The basic logics of CIST and UFDATE as described
herein, have not been changed since these subroutines were first written.
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RTCC REQUIREMENTS FOR MISSION G: FIRST-GUESS
LOGIC FOR THE TLI PROCESSOR

By Francis Johnson, Jr., and Thomas J. Linbeck
1.0 SUBROUTINE CIST

1.1 Purpose

CIST defines the coplanar injection into a gsimulated trajectory from
a specific earth parking orbit. 1In doing this, CIST defines the TLI target-
ing elements, state vectors at the beginning and end of the coplanar TLI
thrust maneuver, the perigee state vector of the outgoing trajectory, and

the time of a parking orbit state vector, the position and velocity vari-
ables of which are input.

The basic independent variable of the primary iteration loop in CIST
can be regarded as being either the time of pericynthion (TOPCY) or the
argument (A2M) in the moon's orbit plane (MOP) of the node between the MOP
and vehicle's orbit plane (VOP). Both TOPCY and A2M are iteratively adjust-
ed so as to drive the difference between available flight time and required
flight time to zero. Available flight time is the difference between TOPCY
and the time of trajectory perigee. Required flight time is that of the
simulated trajectory as defined by empirical equations.

The simulated trajectory in the present version of CIST is the familiar
S-shaped trajectory having pericynthion on the back side of the moon. The
simulation of this type of trajectory is described in reference 1. The
following is a list of the twelve variables completely defining the perigee
and pericynthion state vectors of the simulated trajectory. In reference 1
the dependence and independence of these variables are defined in terms of
individual trajectory calculation. As indicated below, the dependence and
independence of these variables in terms of CIST usage 1s different.




Pericynthion variables of simulated trajectory

TOPCY - Dependent, iteratively
defined, in CIST

XPC
Independent 1in YPC Independent, input to,

reference 1 CIST
RPC

Dependent in AZPC Not used or defined in
reference 1 WEC present version of CIST

Perigee variables of simulated trajectory

Independent in { FIVTL Y
reference 1 RPG

FT Dependent, iteratively
Dependent in WEG defined, in CIST
reference 1 PG

. YPG

The simulation of the coplanar TLI thrust maneuver used in CIST is
described in reference 2. This simulation can accomodate different parking
orbit altitudes, thrust-to-weight ratios, any trajectory energy, and is
more accurate than simulations using multiple sets of polynomials.,

1.2 System of Naming Addresses of Variables in CIST

There is a large number of variables involved in CIST logic. Experi-
ence over the past few years has shown that in the processes of debugging
and making program modifications, it is very easy for the programer to
flounder in this maze of variables unless he adheres to a consistent system
of naming the addresses of these variables. The following system, used in
the present version of CIST, has been found very convenient to work with,
and it is felt to be very adaptable to any future programing modifications.

The general logic of CIST performs an iterative juggling act of
satisfying necessary time-geometry relationships between eight different
events. These events are listed below with their corresponding numerical
ldentifications which will appear in the address of any wvariable describing
the respective event:



1. Pickup state in earth parking orbit (EPO).

2. Node between the VOP and MOP in the vicinity of translunar injec-
tion (TLI).

3. The target vector M for TLI guidance.
4. Perigee of the translunar trajectory.
5. The impuisive (Ar, Ay, AV) simulation of the TLI maneuver.

6. Pericynthion nadir, the negative unit position vector of the moon
at the time of trajectory pericynthion.

T. Cutoff of the actual TLI thrust maneuver.
8. Initiation of the actual TLI thrust maneuver.

For instance, any address containing the number U4 will describe the
trajectory perigee. The numerical order of the above events does not imply
any chronological order.

The positions of these eight events occur in two planes, the VOP and
the MOP. The inertial orientations of these two planes are defined by the
right ascensions of their ascending nodes on the earth's equator and their
inclinations to the earth's equator. Addresses of these ascending node
right ascensions are RN, and addresses of these inclinations are FI, with
the addition of either of the letters V and M to denote whether the plane
is of the vehicle's or moon's orbit. FIV and FIM will always be positive,
between 0 and 90°. RNV and RNM will always be between -7 and .

Five different angles are used to describe an event in the appropriate
orbit plane (MOP or VOP). The following alphabetic system is used to
identify these different angles:

A Argument measured in orbit plane from its ascending node on
the earth's equator

B Longitude measured in the earth's equatorial plane from the
orbit's ascending node

C Declination relative to the earth's equator
RA Conventional right ascension

AZ Conventional azimuth




The following figure illustrates the use of these five angles in
describing an event or position in either the VOP or the MOP.

MOP or VOP
. ravd
First point of Aries o
. Position
- of event
RNM or RNV X
Ferth's
equatorial
plane

FIM or FIV

It can be seen that the RA and C of a position are independent of
which orbit plane the position lies in. However, the A, B, and AZ of a
position must relate to either one of the two orbit planes.

Of the eight different events described on the preceeding page, only
one of them, pericynthion nadir (6), always occurs in the MOP and never
occurs in the VOP. Consequently, the addresses A6, B6, and AZ6 will always
represent angles describing pericynthion nadir in the MOP.

With one exception, all of the other events will always lie in the
VOP. Consequently, there does not have to be any confusion as to which
orbit plane the angles A, B, and AZ of these events relate. The one
exception is the node (2) between the VOP and the MOP, which by definition
will always lie in both planes. To eliminate the ambiguities of the
notations A2, B2, and AZ2, the letter M or V is added to denote whether
the orbit plane concerred is the moon's or the vehicle's.

Additional alphabetic notations of variables describing an event are
as follows:

T Time, relative to base time in hours

R Radius in nautical miles
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FLO Geographic longitude
\' Velocity in international feet per second

All angles are expressed in radians. The address of an angle expressed
in degrees for printout purposes is the same as its address as expressed in
radians with the addition of the letter D.

1.3 Input To and Output From CIST, the SIMUL Common Block

With the sole exception of the single variable (RAGBT) in the calling
argument of CIST, all input to and output from CIST occurs through a common
block (SIMUL) having 100 locations. RAGBT is the right ascension of
Greenwich in radians at the base hour PRE(3).

The SIMUL block is in common with the program calling CIsT, CIST,
most of the subroutines of CIST, and UPDATE. There are four arrays in
SIMUL. All variables in SIMUL are real.

COMMON /SIMUL/PRE(30), XMS(25), TAR(25), TRAJ(20)

1.3.1 EPRE array.- The PRE array contains all of the input to CIST.
All of this array is not now used in the present version of CIST. Space
is made available for the additional input to a more sophisticated version
of CIST wherein the simulated trajectory can be specified with greater
flexibility. (In the present version, only the position of pericynthion
can be specified.)

Location Location
in SIMUL in PRE

block array MNEMONIC Description
1 1 Year during which the time of the input

orbit state vector is to be defined.

2 2 Number of the day in the year in which
the midpoint (BH) occurs of the 2hk-hour
period within which the input orbit state
vector is to be defined.

3 3 BH G.m.t. midpoint of the 2h-hour period
during which the time of the input orbit
state vector is to be defined, in hours.

h L C1D Declination of the input orbit state
vector, in degrees.




Location Location
in SIMUL in PRE

block array MNEMONIC
5 5 FLO1D
6 6 AZ1D
7 7 R1
10 10 ORBNUM
11 11 FIPOA
12 12 FIPERT

Description

Geographic longitude of the input orbit
state vector, in degrees.

Inertial azimuth of the input orbit state
vector, in degrees.

Radius of the input orbit state vector,
in nautical miles.

Number of the inertial orbit revolution,
from the input orbit state wvector, during
which TLI is to begin. ORBNUM = 0.0
allows negative orbit coast times which
must be considered when the input orbit
state vector is an approximation to the
beginning of the TLI mancuver.

Instruction index indicating the "window"
in which TLI is to occur.

FIPOA = 1.0, the Pacific window
(AZ2V < 7/2)

FIPOA 2.0, the Atlantic window

(AZ2V >7m/2)

Instruction index indicating which pertur-
bations are to be considered in calculating
the simulated trajectory.

FIPERT 0.0, No perturbations considered

1]

1.0, Only earth oblateness con-
sidered

2.0, Only solar gravitation con-
sidered

3.0, Both earth oblateness and
solar gravitation considered



Location
in SIMUL
block

Location
in PRE
array

MNEMONIC

13

1k

15

16

1T

29

1.3.2

13

1k

15

16

- 17

29

XPC

YPC

RPC

TTW

Description

Longitude of pericynthion of the simulated
trajectory, measured in a moon-centered
MOP coordinate system from the extension
of the earth-moon axis on the back side

of the moon, in degrees.

Declination of pericynthion of the simu-
lated trajectory, in a moon-centered MOP
coordinate system, in degrees.

Radius of pericynthion of the simulated
trajectory, relative to the center of the
moon, in nautical miles.

Maximum permissible number of iterations
in CIST. A very safe number is 50.0.

The average number of iterations for con-
vergence is observed to be about 5.

Convergence tolerance of time of pericyn-
thion in hours. This is the maximum per-
missible magnitude of the difference
between the time of pericynthion defined
by ephemeris call, and that defined by
required flight time. A reasonable value
is 0.001.

Thrust-to-weight ratio at the beginning
of the TLI maneuver.

XMS arrsy.- The XMS array contains all of the variables describ-
ing the positions of the sun and pericynthion nadir, and the position and
motion of the moon at the time of pericynthion of the simulated trajectory.
All of the variables in the XMS array are defined by subroutine PERCYN.



liocation Location
in SIMUL in XMS

block array MNEMONIC Description
31 1 EMR Earth-moon radius in nautical miles
32 2 MRDOT EMR, first derivative of earth-moon

radius with respect to time, in knots.

34 L FIM Inclination of the MOP to earth's equatorial
plane, in radians.

35 5 RNM Right ascension of the ascending node of
the MOP, in radians.

=T < RNM <
36 6 AM Argument of the moon in the MOP past its
ascending node on the earth's equator,

in radians.

-T < AM < 7

37 T RAM Right ascension of the moon, in radians.
-m < RAM <7

38 8 DECM Declination of the moon, in radians.

39 9 A6 Argument of pericynthion nadir in MOP past

moon's ascending node on earth's equator,
in radians.

-T < A6 <7
Lo 10 RAS Right ascension of pericynthion nadir, in
radians.
-T < RA6 < 7
b 11 c6 Declination of pericynthion nadir, in
radians.
4o 12 B6 Longitude of pericynthion, measured in

earth's equatorial plane from ascending
node of MOP, in radians.

—Tr<B6i'n




Location Location
in SIMUL in XMS
block array MNEMONTIC Description

43 13 AZ6 Azimuth of MOP at pericynthion nadir,
in radians.

Ly 1k WM Angular velocity of the moon, in radians/hr.

o 45 15 XHM
Cartesian components of the angular momentum

L6 16 YHM vector of the moon in e.r.?/hr, relative to
the earth's center.

L7 17 XM

51 21 SMOPL Longitude of the sun in an earth-centered
MOP coordinate system, measured counter-
clockwise from the position of the moon,
in radians.

-m < SMOPL < 7w

52 22 SMOPD Declination of the sun in an earth-centered
MOP coordinate system, in radians.

53 23 AS Argument of the sun in the ecliptic past
its ascending node on the earth's equato-
rial plane, in radians.

-mT < A5 <
54 2L RAS Right ascension of the sun, in radians.
-m. < RAS <

55 25 Ds Declination of the sun, in radians.

1.3.3 TAR array.- The TAR array contains the more significant output

of CIST, consisting of the coplanar TLI targeting elements and all of the

variables used by subroutine UPDATE to modify these elements. TAR loca-
tions 21 through 25 are for the TLI targeting elements modified by UPDATE.
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Location Location
in SIMUL in TAR

block array l‘;ﬂ\]EMONIC Description
56 1 CoI Convergence index, indicating whether
CIST was successful in achieving conver-
gence.
COI = 0.0, Satisfactory convergence

acheived

= 1.0, Maximum number of iterations
performed without achieving conver-
gence

= 2.0, Ephemeris trouble, no conver-
gence

= 3.0, Coplanar solution not attain-
able; Non-zero 6§ necessary. No
convergence.

57 2 T1 Time of the input orbit state vector,
relative to base time [PRE(3)], in hours.

58 3 WV Angular velocity of the vehicle in earth
parking orbit, in rad/hr.

59 4 WE Angular velocity of the earth's rotation,
in rad/hr.

60 5 FIV Inclination of the earth parking orbit
to the earth's equator, in radians.

61 6 FIVTL Inclination of the simulated trajectory
at perigee to the MOP, in radians., FIVTL
i1s defined as negative if the trajectory
is going below the MOP,

63 8 c3 Declination of the M unit TLI target vector
defined by CIST for coplanar TLI, in
radians.

6L 9 RA3 Right ascension of the M unit TLI target

vector defined by CIST for coplanar TLI,
in radians.




Location Location

in SIMUL in TAR

block array MNEMONIC
65 10 S
66 11 W
67 12 XMH
68 13 YMH
69 1k ZMH
T0 15 CTIO
71 16 RNV
Th 19 Al
76 21 DEL
78 23 XUMH
79 24 YUMH
80 25 ZUMH

1l

DescriBtion

The angle o, the radius of the hypersurface
representing all possible perigee positions,
in radians.

Energy of the simulated translunar trajec-
tory at perigee, in (international ft/sec?)

Cartesian components of the unit M TLI
targeting vector defined by CIST for
coplanar TLT.

Coast time from the input parking orbit
state vector without time dispersion to
the beginning of the coplanar TLI thrust
maneuver, in hours. [CTIO can be negative
in cases where PRE(10) is 0.0.]

Right ascension of the ascending node of
the parking orbit on the earth's equator,
in radians.

Argument of the input parking orbit state
vector past its ascending node on the
earth's equator, in radians.

The angle §, the latitude in radians, of

the unit M TLI target vector after it has
been modified by subroutine UPDATE, rela-
tive to the plane of the parking orbit
with time dispersion, in radians.

Cartesian components of the unit M TLI
target vector after it has been modified
by subroutine UPDATE to compensate for a
time dispersion of the input parking
orbit state vector.



1.3.4 TRAJ array .- The TRAJ array contains variables describing the
simulation of the coplanar TLI thrust maneuver. All of these variables
are defined in subroutine TLIMP.

Location Location
in SIMUL in TRAJ

“block array MNEMONIC Description
81 1 ETA True anomaly, in radians, of the cutoff
of coplanar TLI on the translunar trajec-
tory.
82 2 APS Angle measured in the parking orbit-

trajectory plane from the beginning of
the coplanar TLI thrust maneuver to tra-
Jectory perigee. (Stands for Alfa Plus
Sigma, where o and o are the established
TLI angles.) In radians.

83 3 GTD Flight-path angle, in degrees, of the
cutoff of the coplanar TLI thrust maneuver,
on the translunar trajectory.

8l 4 DV The characteristic velocity of the coplanar
TLI thrust maneuver, in international fps.
85 5 FT0OCO Flight time of cutoff of coplanar TLI on
the translunar trajectory past perigee,
in hours.
86 6 R7 Radius of cutoff of the coplanar TLI thrust
maneuver, in nautical miles.
8T T E Eccentricity of the translunar trajectory
at perigee.
88 8 RL4 Perigee radius
Conic elements of the
89 9 P Semilatus rectum translunar trajectory
at perigee in nautical
90 10 A Semimajor axis miles
91 11 B Semiminor axis
92 12 COEF Coefficient of flight time equation, in

hr/n, mi.



13

1.4 General Logic of CIST, the Primary Iteration Loop

The complete logic of CIST is best described in two phases: First,
the general logic, the logic of the primary iteration loop. Second,
specialized logics which are designed to deal with special situations
which the aforementioned general logic would be incapable of dealing with.
The general logic is described in this section. These specialized logics
take the form of discrete blocks of consecutive statements in the listing
of CIST. These specialized logic blocks are described in detail in
section 1.5.

There are several blocks of consecutive statements in the CIST listing
which have no bearing on the iteration process. The sole purpose of these
statement blocks is to provide printout. These statement blocks can be
eliminated from CIST without impairing its accuracy or reliability. These
printout statement blocks are identified as such in the listing of CIST.

First, there is a multitude of EQUIVALENCE statements which enable
coding with descriptive alpha-numeric addresses instead of subscripted
variables.

SU3ROUTINZ CIST (RAG3T)
COMMON / SIMUL / PRE(30)»XMS(25),TAR(25)»TRAJ(20)
CQUIVALENCZ (PRE(3)¢3H)
EQUIVALENCZ (PRE(4),C1D)
EQUIVALENCZ (PREZ(5),FLOLD)
EQUIVALENCZ (PRE(6)AZ10)
EQUIVALENCZ (PRE(7)R1)
ZQUIVALENCZ (PRE(10)»ORBNUM)
EQUIVALENCE (PRE(11)FIPOA)
EQUIVALENCE (PRE(12)FIPERT)
EQUIVALENCE (PRE(13)XPC)
EQUIVALENCZ (PRE(14)»,YPC)
EQUIVALENCZ (PRE(15),RP()
EQUIVALENCZ (PRE(29)TTW)
EQUIVALENCE (XMS(4)»FIVM)
EQUIVALENCZ (XMS(5)»RNM)
EQUIVALENCEZ (XMS5(9),AB)
EQUIVALENCZ (XMS(10)RAB)
EQUIVALENCZ (XMS(11),Cb)
EQUIVALENCEZ (XMS(12)0,35)
QUIVALZINCZ (XvMS(13),AZ0)
QUIVALENCEZ (XMS(14)rWM)
QUIVALENCZ (TAR(1),C01)
EQUIVALENCZ (TAR(2),T1)

mygrn
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EQUIVALENCZ (TAR(3) 24V)
CQULIVALENCZ (TAR(Y) o WD)
TQUIVALCINTZ (TAR(D) »F1IV)
CQUIVALZNCZ (TAR(H)»FIVIL)
CQULIVALINTZ (TAR(7)0,423)
CQUIVALLNTSZ (TAR(B),C3)
EQUIVALINCZ (TAR(9)»RA3)
SQULIVALINCZ (TAR(10)+5)
SQUIVACENCZ (TAR(11)ew)
SQULVALINCZ (TAR(12) 9 KMH)
ZQUIVALINCZ (TAR(13)rYVH)
SQUIVALINCZ (TAR(14)»2MH)
SQULVALZINCZ (TAR(12)»CTIO)
SQUIVALZNCI (TAR(18) »RNV)
SQUIVALINCI (TAR(17)sA4)
CQUIVALINCZ (TAR(18)+CTTPS)
SIUIVALEINCZ (TAR(19),41)
ZQUIVALINCZ (TRAJ(1)PETA)
ZQUIVALINCZ (TRAJ(2)rAPS)
CAQUIVALINCZ (TRAJ(3)r37D)
ZQULVALINCZ (TRAJ(4)»DV)
CAULVALINCE (TRAJ(H)»FTOLO)
ZQULVALINCZ (TRAJ(O) PRT)
EQUIVALENCZ (TRAJ(B) »1RY)

The constants DPR, PI, U, and WE are first defined. Input values of
declination, longitude, and azimuth of the parking orbit pickup state are
converted to radians. Input indices are converted to fixed point values.
Then the following calculations occur: the angular velocity (WV) of the
vehicle in parking orbit, the orbit period, the angles Bl and Al, FIV,
and the right ascension of the ascending node of the VOP for insertion
at base time (RNVBT). The 12 statements following these calculations are
for initial printout.

IPR=DT7 429575
PI=3.14153¢7
UZe231070040E+13
WZZ.20625156i42
Cl=C13/0PR
FLOLZFLO01D/0PR
AZ1=AZ12/JPR
I0RoNZOR3NUM
IPOAZFIPOA+U.L
IPZRT=FIPZIRT+0.1
WVZSART(19.9094165/(21/3443,93359) x%3)



OR3PZR=2.0%xPI/wWV
31=ATAN2(SIN(C1)*SIN(AZL1)C0S(AZ1))
AL=ATANZ2(SIN(C1),COS5(C1)%xCOS(AZ1))
FIVZA3S(ATAN(SIN(C1)/7(C0S(C1)*SIN(81))))
RNV3T=RAG3T+FLOLl-31

CALL HELP (RNV3T)

¢ _
c ' THE NEXT 12 STATEMENTS
C ‘ ARE FOR INITIAL PRINTOUT
IY=PREZ(1)+40.1
ID=PRE(2)+0.1
FIVO=FIV%IPR
RAGBTI=RAG3T*IPR
AlD=A1%DPR
RNV3TIO=RNV3T*IPR
810=531%0PR
WRITE (69913) IYrFLOLIDIRLIWXPCeIDeC1D0»IORBNIYPL
1 8HrAZ1DsFIVIIRPCYRAG3TD»A1D»ORBPER
IF (IPOALEQ.2) WRITE (6+914) RNV3TDeB1J,IPERT
IF (IPOAZQ.1) WRITE (65+915) RNV3TD»31DsIPERT
WRITE(®5»900)
C
c

A first guess is made of the earliest possible time of pericynthion
(TOPCY) relative to base time. Assumptions are made of the earliest pos-
sible time of insertion, shortest coast time in orbit, and shortest flight
time. The convergence index (COI) is defined as 0.0, signifying that all
is well. PERCYN is called thus defining all values in the XMS array for
the time TOPCY. If ephemeris trouble is encountered in PERCYN, COI is set
equal to 2.0. If this condition is detected, control is returned to the
program which called CIST.

TOPCY=0RBPZR*(OR3NUM=1.0)+40,0
C01=0.0

CALL PERCYN (TOPCY)
IF(COI.NE.2.,0) GO TO 430
RETURN

W 1s the energy of the simulated trajectory at perigee and RQDFT is
the (required) flight time of the simulated trajectory from perigee to
pericynthion. Values of W and RQDFT are defined by calling subroutines
ENERGY and FLYTYM. The empirical equations for W and RQDFT in these sub-
routines have as variables: FIVIL, CLk, and R4. At this point in the
logic, these variables have not been defined. Reasonable values of these
variables are defined before subroutines ENERGY and FLYTYM are called. It
should be remembered that at this point in the logic, the accuracy of these
variables is not critical. Accurate values are defined in the primary
iteration loop.
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+49  FIVILZULY
C4=u.0
R4zRl+lz2.0
CALL —NERSY (IPZRT»CH)
CALL FLYTYMYM ([RPZRTHyRIIFT)

Assuming a BETA of -1.33°, an "earliest possible" position of the
node between the MOP and VOP in the vicinity of TLI is defined relative to
the already defined "earliest possible" pericynthion nadir, the argument
of the latter being A6. The position of this node is defined by the argu-
ment A2M in the MOP, as shown in the following figure. The iteration count

(NUMIT) and the indices and test values for specialized logics are
initialized.

Position vector of the moon MOP
at earliest possible TOPCY

Earth's
equatorial
plane

A2M

A2MIZAL+L ,35/3°R
CALL AP (a2w)
PT.L':U'U

NUMIT=0

Izxz=y

IAaivuzl

I0o=1
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The primary iteration loop begins at statement 500, at which the
iteration count is incremented. GEOARG is called, thus defining AZ2M, B2M,
C2, and RA2. A test is then made to be sure that the node on the MOP can
be "reached" by the VOP. If it camnot be reached, a specialized logic
block of 25 statements must be resorted to. If it can be reached, GO TO
650. The inaccessible node logic block is described in section 1.5.1.

THIS IS THE BZGINNING
OF THE ITZRATION LOOP

o NeNe]

500 NUMIT=NUMIT+1
CALL GZOARG (FIMyA2M)RNMYAZ2MB2M»C2,RA2)
IF(A35(C2).LT.FIV) GO TO 650

THE NEXT 25 STATZMENTS ARE
INACCESSI3LE NODZ LOGIC

(See listing in section 1.5.1.)

OO0

At statement 650, subroutine GEOLAT is called, thus defining the angles
describing the inertial orientation of the VOP and the position of the
node in the VOP such that AZ2V is in the proper quadrant as prescribed by
the index IPOA. When IPOA is 1, AZ2V is in the first quadrant, resulting
in TLI out of the "Pacific" window. When IPOA is 2, AZ2V is in the second
quadrant, resulting in TLI out of the "Atlantic" window. The geometry
involved is illustrated in the following figure.

VOP

First point of Aries AZit/f’
MOP

5

Earth's
equatorial
plane
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FIVTIL is calculated and the subroutines SUBB, SUBCL, and TLIMP are
called. Calling subroutines SUBB and SUBCL defines the angles BETA and
CL.

ooy  CALLC SZOLAT (FIVeC2yRA20IPOAPA2VIB2V,AZ2VeRNV)
FIvTozaZ2v=-AZ2vV
CALL SUZB (IPZRT»3ZTAYAFNTMVH)
CAcL SUSCL (IPIRT.CL)
CAL. TLIVWP

These angles are illustrated in the next figure.

Perigee

VOP

MOP

Pericynthion
nadir

Once the values of CL, BETA, and FIVTL are calculated, the value of
ALFA is calculated. This latter calculation involves the dummy variable
Z in the present coding. After ALFA is calculated, the value of Ak is
calculated.

LZATANCSIN(ZIETA)¥COS(FIVTL)/COS(3ETA))
ALFAZ(CO0S5(3ZTA)Z(CIS(2)*COS(CL)) ) *%x2-1,0
IF(F\L.FAQLTQOQO) ALFA:O'O
ALFAZATAN(SART(ALFA)) +Z

ARYZASVHEALFA

CALL HzLP (A4)

CALL GZOARS (FIVeA4»RNVIAZ4r3U4rClUyRAY)
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The geometry involved is illustrated in the following figure.

VOP

MOP

FPerigee

Earth's
equatorial
A2V plane

After AL is defined, the other angles (AZL, BL, Ch, and RAL) describing
perigee are defined by calling GEOARG. CU will be used in subroutine
ENERGY in calculating trajectory energy (W).

The coast arc (CARC) in the earth parking orbit, from the input pickup
state vector to the beginning of the TLI thrust maneuver, is calculated.
The angle APS (stands for Alpha Plus Sigma), which was defined by calling
subroutine TLIMP, is used in doing this. CARC is defined by mod 27 accord-
ing to IORBN, the instruction index of orbit number during which injection
occurs.

When IORBN is not equal to zero, CARC is defined between 0 and 27.
When IORBN is zero, CARC is defined between -7 and m. This latter defini-
tion, permitting negative values of CARC, is necessary when the orbit
pickup state vector is an approximation to the beginning of TLI.

A test is made of the change in CARC since the last iteration. The
value of CARC in the last iteration is PCARC. If the absolute value of the
change in CARC is greater than m, a specialized logic block which is
designed to deal with the problem of orbit coast time excursions must be
resorted to. On the first iteration, this specialized logic is always
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bypassed by defining PCARC as equal to CARC immediately prior to the test.
If no orbit coast time excursion is detected, GO TO 657. The orbit coast
time excursion logic is described in section 1.5.2.

CARC=A4=-A1=-APS

CAL. H=ZiLP (CARQ)

IF(CARCLTe040.ANDWIOR3N,NIL0) CARC=CARC+2,0%°1
IF(NUMIT.23.1) PCARC=CARC

IF(A3S(CARC=PCARC) +LT,PI) G0 TO 657

THE NIXT 8 STATEMINTS ARS ORSBIT
COAST TIMZ EXCURSION LOGIC

(See listing in section 1.5.2.)

At statement 657, PCARC is defined as equal to CARC for the test
for orbit coast time excursion during the next iteration.

The coast time in orbit (CTIO) from insertion to the beginning of
TLI is calculated. When IORBN is O, negative values (hopefully, very small)
of CTIO are allowed. The time of the orbit pickup state vector (Tl) rela-
tive to base time is calculated as the difference between the immediate
right ascension (RNV) of the ascending node of the VOP and that value when
insertion occurs at base time (RNVBT), divided by the angular velocity of
the earth's rotation (WV). The difference between RNV and RNVBT must first
be defined between -m and 7 by calling subroutine HELP in order to constrain
Tl to within + 12 hours of base time.

A test is then made to see if the change in Tl, from its value (PT1)
in the previous iteration, is greater than 12 hours. If the change is
greater than 12 hours, a specialized logic block is resorted to which is
designed to deal with the problem of excursions in T1l. This specialized
logic is described in a section 1.5.3. If the change in Tl is less than
12 hours, GO TO 680.

2007 PCARCzCaRT
IFCIOR3INGNZL0) CTIO=OR3PER*(CARC/(2.,0%PI)+0R3NUM=1,0)
IF(L1OR3N.Z3.,0) CTIO=OR3PER®(CARC/(2,0%PI))
T1ZRNV=RNV3T
CALL AZLP (T1)
Ti=T1/nz
IF(NJIMITL.Z0.1) PT1=TL
IF(A3S(T1-PT1).LT.1l2,0) GO TO 680

OF ORBIT STATZ VICTOR
EXCURSION LOGIC

(See listing in section 1.5.2.)

OO 00

THZ NEXT & STATEMINTS ARI TIMz
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At statement 680, PT1l is defined as equal to Tl for the excursion
test in the next iteration.

A required time of pericynthion (RTOPCY) is calculated based on imme-
diate values of Tl, CTIO, and RQDFT. In doing this, it is necessary to
take into consideration the coast time (DUMCT) in orbit over the angle APS
because CTIO is measured up to the beginning of TLI, whereas RQDFT is
measured from perigee. The necessary change (DTOPCY) in TOPCY is then
calculated.

©80 PT1=T1
JUMCT=APS/wV
CTTPG=CTIO+DUMCT
RTOPCY=T1+CTIO+DUMCT+RADFT
OTOPCY=RTOPCY=-TOPCY

The next block of statements is for the printout of several significant
variables which indicate what is happening in the primary iteration .loop.

THE NEXT 3 STATZIMENTS ARE FOR
ITZRATION HISTORY PRINTOUT

C2U=C2%DPR

AZ2VIOZAL2V*IPR

FIVTLOZFIVTL*IPR

BETAJ=3ETA*OPR

CLO=CL*DPR

T8=T1+CTIO

TU4=TB+IUMCT

T7=T4+FTOCO

WRITS (00901) NUMIT,»C2D9AZ2VDWFIVTLDYBETADICLD»WsRQDFT,
1 T1eTBesTUsT7oRTOPCY»TOPCY»DTOPCY

A test is made to see if the absolute value of DTOPCY is less than
the input tolerance, PRE(17). If |DTOPCY| is less than PRE(17), the
iteration process is terminated by going to statement 800.

A test is then made to see if the maximum permissable number of itera-
tions (MAXIT) has been reached. If MAXIT has been reached, the iteration
process is terminated by going to statement TOO where a statement to this
effect is printed out and the convergence index is set equal to 1.0.
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IF(A3S(DTORCY) LLZLPRZ(17)) GO TO 800
MAXLITZPRE(L06)+0.1
IF(NIMIT G2 MAXIT) G50 TO 700

If, after making these two tests, the iteration is not terminated,
TOPCY is defined as equal to RTOPCY and PERCYN is called, thus defining
a new set of variables in the XMS array.

Subroutines ENERGY and FLYTYM are then called, thus defining new

values of trajectory energy (W) and required flight time (RQDFT) which
are compatible with the new XMS variatles.

A new position of the node between the VOP and the MOP is defined by
calculating a new value of AZM. This calculation is based upon the approxi-
mation that BETA will not change significantly from one iteration to the
next. A2M is constrained between -m and n by calling subroutine HELP.

The next iteration is begun by going to statement 500.

TOPCYZRTOPZY
CAuw PZRCYN (TOPCZY)
IF(COIWNZ.240) G0 TO 530
R iurN

230  CAwo ENZRGY (IP=RTeCH)
CALL FLYTYY (IPZRTIRIDFT)
h2M=ad=-32TA4
CALL HILP (A2M)
GO 10 ouu

700 WwWRLTZ (oe»9U2) MAXIT
cCo1=1.0

At the termination of the iteration process, variables describing TLI
targeting and the state vectors of perigee and those at the beginning and
end of the TLI thrust maneuver are calculated for external use and immediate
printout. These calculations begin at statement 800.

30U AJZAZ2VHAFNTVH
CALL HZLP (A3)
CALL GZUARG (FIVeASIRNVIAZ31839C39RA3)
SZA4-AS
CALL AZlP ()
S)z5%JPRr
XMAZ=COUS(C3)*xC05(RAS)
YMHZCOS5(CI)*SIN(RASZ)
IMHAZSIN(CS)
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C3u=C3%LPR

RASD=RA3%IPR

ANMHDZAFNTMVH%DJPR

ETAD=ETAXxDIPR

ALFAD=(APS-5)*DJPR

WTT=w*2,0

WTTK=WTT/3280,8399%x%2

WTTER=WTT*(360040/(6075,11549%3443,93359) ) %2

WRITZ (60911) C3DsSOrRASDIALFAD I WIETAD» NTTHANMHD »WTTK
1 DVeWTTER» TTw

CUoO=C4Yx PR

RAGI=ZRALXIPR

AZU4D=AZ4%DPR

VEZSQRT (2. 0% (N+U/RY))

FLOGZRALU=RAGBT=T4%wE

CALL HZLP (FLOY)

FLOYD=FLOY%IPR

AB=A4-APS

CALL HZLP (AQ)

CAL. GEOARG (FIVs»ABYRNVIAZS+BBrCBsRASB)

C80=C8%DPR

RABO=RAB*IJPR

AZBI=AZExDPR

VB=SQRT(U/RL)

FLOSZRAB-RAG3T=TB%wWZ

CALL AELP (FLO8)

FLOBI=FLO8%*)JPR

AT=A4+=TA

CALL HZLP (A7)

CALL 3z0ARG (FIVeATeRNVIAZT791379CT79RAT)

C70=C7%DPR

RA7I=RAT7*IPR

AZT7I=AcT7*DPR

V7=5QRT(2. 0% (W+U/R7))

FLOT=ZRAT-RAG3T~T7*WE

CALL HzZLP (FLOT7)

FLO7D=FLO7%DPR

WRITZ (593912) TBrTU4eT7¢C8I9CHD»CT7DerRABDIRAUDIRATD,
1 AZBIOrAZRDrAZT7IeFLOBDIFLOYDyFLOTDIR1LIRUIRT7rVBeVUIVT 57D

RETURN

All of these calculations are based upon the empirical simulation of
optimum coplanar TLI thrust maneuvers described in reference 2. All of
the variables of this simulation are defined in subroutine TLIMP.

The M defined is the point of tangency of the VOP on the translunar

injection tangency surface. This method of defining M is described in
reference 3.
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The following are the format statements used in all CIST printout.

900 FORMAT (///718Xe2HC2 14X 4HAZ2Vo13Xe GHIVTL 13X s 4HBETA» 14X 2HCL
1 15Xy 1HW» 15X 5HRQIFT/
2 18Xp24T1r15Xe2A4TBr 15Xe 2HTH 15X 2HT7r11X»104RQD  TOPCY» 7X»
3 9HZPH TOPCY#8Xe L1HJELTA TOPCY///)

Jul FORMAT (L7¢5F17e7¢F17.20F174T7/TX2TF17.77/7)

U2  FORMAT(////30Xs16HVAXIMUM NUMBER (»13,55H) OF ITEZRATIONS PERFORME
1J. CONVERGINCI NOT GUARANTZED.)

JU4  FORMAT(//¢40Xe36HINACCESSISLE NODE ON MOP CALLED FOR,)

905 FORMAT(40Xs554NODE PLACED AT BEGINNING OF INACCESSIBLE REGION ON
140P.//7)

9U7 FORMAT(40X»494NODE PLACED AT END OF INACCESSI3LE REGION ON MQP.//
17)

U8  FORMAT(40Xr9S4NECESSARY NOJE ON MOP IS INATCESSISLE. NO CONVERGE
1nCEL//)

9u9  FORMAT(//20Xs»91HCHANGZ IN INSERTION TIME EXCEZDS 12 HOURS. SIGN
14ILL 32 CONSTRAINED TO THAT OF NEXT VALUE.//)

910 FORMAT(//20K»79HOR3IT COAST ARC EXCURSION. ARC WwILL 32 CONSTRAIN
120 Tu WITHIN PI OF NZXT VALUE.///)

911 FORMAT(//204 TLI VARIABLES eseeer

1 10Xe2BHJELTA = 0  (3Y DEFINITION) +15Xs124MHAT DECL =sF14.8/
2 30Xe8ASIGMA  =,F13.8922Xe12HMHAT RYTAS =»Fi14.8/
3 30xe8HALFA SIF13.8922X912HW = C3/72 =eF14,2»114 (INFPS)SQ/
4 30X+84ZTA ZeF13.8¢30Xe44C3 =oF1l4.,2011H (INFPS)SQ/
S 30Xe84AFNTMA =)F13.8230Xe4HC3 =9F1l4.9911H (KMPS)SQ/
6 30Xr8ACHAR V =»F13 4974 INFPS»23Xe4HLI =eF14.9011H (ERPH)SQ/
7 30Xe8ATTW =+F13.8)
J12 FORMAT(////744Xs13HTLI 3EGINNINGs 7Xe 7HPERIGEZ 99X e 10HTLI CUTOFF//
1 30Xe9HTIMZ 1 3IFLT7.7/
2 30xs940ZCL 13F17.77
3 30A19ARYTAS 23F17.77
4 30xe9HdALM 2y 3F17.7/7
5 30Xe34LUNS v 3IF17.7/
6 30x934R (N.M.) »3F17.7/
7 30xe3HV (INFPSj e 3F17.7/
8 30XKr30AMMA ' IUXNFLTT7/77)

915 FORMAT(1H1/50Xe7HYZAR =S9oI10011Xe6HFLOL =»F13.7¢8Xs2HR1¢5Xe 1HZy

1 F1l3.20349214AXPC (MOP LONGITUDE) =¢F13.7/
2 oXr740AY =eJ10,11Xe5A4C1 ZrF13.7+8X»8HORINUM =,16+15Xy
3 21HYPT  (MOP LATITUOZ) =¢F13.7/
4 5Xe7H340UR =9F13.7918BXs5HAZ1 =sF13.798X»BHFIV SeF13.798Xy
5 3HRPC117X»1A=eF13.5/
6 6Xe 7ARAG3T =»F1l3.7+8XeoHAL SrF13.7+8XeBHPZRIOD =¢F13.7)
J1l4  FORMAT (5X» 7ARNVIT =9F13.7,8X956H31 =eF13.7+8Xs8HIPERT =s16»
1 1oXy54dINIOWs14Xe12H= ATLANTIC)
310 FORMAT (6Xe THRNV3IT =pF1347+8X»H6H31 =eF13.7+83Xe8HIPERT =116
1 15xr54WINIUW, 14Xy 12H= PACIFIC)

ENJ
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1.5 OSpecialized Logic Blocks In CIST for Special Problems

1.5.1 Inaccessible node logic.- The position of a "required" node
between the MOP and the VOP is defined in the MOP by the angle A2M. This
position of the node is "required" in order to satisfy requirements of
orbit coast and trajectory flight times. The angle A2M is determined by
the angle BETA and a position of periecynthion nadir defined by the angle

A6. The value of A6 is a function of the presently defined time of peri-
cynthion (TOPCY).

The declination of the required node is C2. If the inclination (FIV)
of the VOP to the earth's equatorial plane is less than the absolute value
of C2, a node between the MOP and the VOP cannot be achieved at the required
position. The detection of the condition FIV < ]C2l causes control to go
to the inaccessible node logic block.

The condition FIV < FIM is necessary but not sufficient for the con-
dition FIV < |C2| to arise. The condition FIV < FIM will occur during
certain periods in certain years when the parking orbit is initiated with
a 90° launch azimuth from Cape Kennedy.

The following figure shows that, when FIV < FIM, there are two regions
in the MOP which cannot be "reached" by the VOP. These two regions will
be referred to as the upper and lower inaccessible regions.

Upper inaccessible region
. ,/(////’I'///’Lower inaccessible region

MOP

Third Fourth

First | Second

'
.
.
‘
)
‘
‘
]
[}
-

v
Quadrants of A2M
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The upper inaccessible region is equally divided between the first
and second quadrants of AZ2M. The lower inaccessible region is equally
divided between the third and fourth quadrants of A2M.

The inaccessible node logic is controlled by the index IEX, which is
actually a count of the number of times this logic is called. Prior to
the beginning of the first iteration in the general logic, IEX is defined
as 0. Each time this logic is called, IEX is stepped by 1.

Each time this logic is called, the externally defined inaccessible
node is redefined at either the beginning or the end of the inaccessible
region, such that it can be reached by the VOP. The declination of this
redefined node will always have the magnitude of FIV and the sign of the
originally inaccessible declination. The redefinition of C2 occurs at
the beginning of the logic block. The value of A2M of the externally-
defined, inaccessible node is stored as BADA2M for the correction of time
of pericynthion at the end of the logic.

The quadrant of A2M wherein the redefined node lies is controlled by
the index I0Q.

If I0Q = 1, the redefined node will be in the first or fourth quadrants
of A2M. (The redefined node will be .at either the beginning of the upper
inaccessible region or at the end of the lower inaccessible region.)

If I0Q = 2, the redefined node will be in the second or third quadrants
of A2M. (The redefined node will be at either the end of the upper inacces-
sible region or at the beginning of the lower inaccessible region.)

Fach time this logic 1s called, I0Q is initially defined as 1, and
subsequent tests within the logic determine whether it should be set equal
to 2.

The first time this logic is called (IEX = 1), the node is redefined
at the beginning of the inaccessible region (GO TO 620) and a statement to
this effect is printed out. If within the subsequent iterations in the
general logic, the node does not "jump over" the inaccessible region or
"back away" from it, and a required position of the node again falls in
the inaccessible region, this logic will be called a second time.

The second time this logic is called (IEX = 2), the node is redefined
at the end of the inaccessible region (GO TO 630), and a statement to this
effect is printed out. If within the subsequent iterations in the general
logic, the node does not "stay ahead" of the inaccessible region and a
required position of the node again falls in the inaccessible region, the
logic will be called a third time.
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The third time this logic is called (IEX = 3), the situation is con-
sidered hopeless, a statement to this effect is printed out, the conver-

gence index (COI) is set equal to 3.0, and control is returned to the pro-
gram calling CIST.

After C2 and I0Q are defined when the logic is called either the
first or second times, the angles A2M, B2M, and AZ2M of the node are de-
fined (statement 640) by calling GEOLAT. By calling GEOARG, RA2 is cal-
culated (and AZ2M and B2M are redundantly calculated).

The presently defined time of pericynthion and associated varisbles
in the XMS array will be compatible with the original inaccessible node,
but will be incompatible with the redefined accessible node. Since the XMS
variables are used in the empirical equations defining the simulated tra-
Jectory, these XMS variables should be "corrected" before returning to
the general logic. In most cases, these corrections are expected to be
insignificant; however, marginal cases can arise where the sbsence of these
corrections can result in nonconvergence (COI = 3).

The correction in the time of pericynthion is calculated as the
difference between the A2M of the redefined node and that of the original
inaccessible node, stored as BADA?M, divided by the angular velocity (WM)
of the moon in its orbit. Two assumptions are made: (1) that WM is a
true average over the interval of time correction, and (2) that BETA will
be constant such that a change in the angular position of the node in the
MOP will result in an equal change in the position of pericynthion nadir.

With a corrected value of TOPCY, PERCYN is called, thus defining new
values in the XMS array. Before subroutines ENERGY and FLYTYM are called,
a correct value of FIVIL is calculated which is compatible with the rede-
fined accessible node.

Control then returns to the general logic at statement 650.

IF(IEX.20.0) IEXZ1
C2=SI3N(FIV,C2)
3AUA2M=AZM
Ioa=1
WRITZ(or904)
GO TO (620+030¢610)IZX
0l0 WRITE(5e908)
ColI=3.0
ETURN
020 IF(C2.LT.0.0) I0Q=2
IEX=2

(listing continued on next page)
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WRiTZ(59900)
GO TO sBY%uU
wIU  IF(CZ2.0T.0.0) 10Q=2
I=X=3
WRiT=Z(0r907)
o4d  CALL GoOLAT (FIMeC2yIUML,I0GQ)A2MeB2M,AZ2MyIUM2)
CALL GZI0ARG (FIMpARM»RNMPAZ2My32MyIUMLPRA2)
TCURZAZY=34DA2MY
CALL HZILP (TZOR)
TOPCY=ZTOPCY+TCOR/ WM
CALL PZRCYN (TOPCY)
FIVTLzZAZeM=P1/2.0
CALL FLYTYM (IPZRT»RQIFT)
CALL EZNEIRGY (IPZRT»C2)

1.5.2 Orbit coast time excursion logic.- This logic is called when
the absolute value of the angle CARC, from the parking orbit pickup state
vector to the beginning of the TLI maneuver, changes by more than m between
consecutive iterations in the general logic. This situation arises in the
aforementioned iterative process when the position of the beginning of the
TLI maneuver moves across the position of the orbit pickup state vector in
the VOP, resulting in a change in CARC of glmost 2w.

The successful convergence of an iteration will not be prevented if
this happens only once or even several times within the iteration. However,
the possibility exists of a condition of self-sustaining oscillation to be
set up where the position of the beginning of TLI moves back and forth
across the position of the orbit pickup state vector and convergence with
the normal general logic is impossible. The probability of this type of
osclllatory condition arising is very small, but finite; it has been ob-
served to happen.

The orbit coast time excursion logic is controlled by the index IAIO.
Before the beginning of the first iteration in the general logic, IAIO is
set equal to 1. The first time this logic is called, TIATO is set equal
to 2 and thereafter its value is not altered until the iteration process
is terminated.

The logic itself is quite simple. The first time it is called CCARC,
a control value of CARC is defined as equal to the present value of CARC.
Every subsequent time the logic is called, the immediate value of CARC is
changed by either +2m or -2m such that CARC will be within m of CCARC.

Control is returned to the general logic at statement 657.
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50 TO (555+5655)91IAI10
555 IAI0=2
CCARC=CARC
WRITZ (59,910)
G0 TO 657
690 S50AI0=1.0
CARC=CARC+5DAI0%2,0%PI

1.5.3 Time of orbit state vector excursion logic.- This specialized
logic is called when the time of the parking orbit pickup state vector (T1)
changes by more than 12 hours from the value in the preceding iteration
(stored as PT1).

Tl is measured relative to base time, an input PRE(3) G.m.t. midpoint
of the 2h-hour period within which Tl is to occur. TI1 is calculated as
the difference between RNVBT and RNV divided by WE, where RNV is the right
ascension of the ascending node of the VOP as presently oriented, RNVBT
is the right ascension of the ascending node of the VOP when insertion
occurs at base time (T1 = 0.0), and WE is the angular velocity of the
earth's rotation. This difference between RNVBT and RNV must be defined
between -m and m if T1 is to be constrained within 12 hours of base time;
i.e., within the prescribed 2k-hour period.

When RNV is close to 180° from RNVBT, a small change in RNV can result
in a change of almost 2L hours in Tl between two consecutive iterations.
The successful convergence of an iteration will not be prevented if this
happens only once or even several times within an iteration. However,
the possibility exists of a condition of self-sustaining oscillation to
be set up, where RNV oscillates back and forth over a very small range
centered at 180° from RNVBT, and convergence with the normal general logic
is impossible. The probability of this type of oscillatory condition aris-
ing is very small, as is the probability of the oscillation of CARC. But
this probability is finite, and the oscillation of RNV has been observed
to prevent successful convergence in the absence of a specialized logic
designed to deal with this problem.

The Tl excursion logic is controlled by the index I08, which is set
equal to 1 in the general logic before beginning the first iteration.
The first time this logic is called, IOS is set equal to 2 and thereafter
its value is not altered until the iteration process is terminated.
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The first time the logic is called, a corrective term (TOLCOR) for
Tl is defined having the magnitude of a sidereal day and the sign of the
present value of T1. Thereafter, every time the logic is called, TOLCOR
is added to the immediate value of T1, and as a result Tl is always con~
strained to have the same sign as the value of Tl when the logic was first
called. A statement to this effect is printed out the first time this
logic is called.

In effect, T1 is constrained within a time interval much shorter
than 12 hours; but this time interval is not required to lie within the
originally prescribed 2h-hour period within which T1 is to occur. Con-
sequently, when this logic is called, Tl can (and usually does) wander
Just outside of the prescribed 24-hour period. But this happens only
because convergence cannot be otherwise achieved; i.e., there is no "solu-
tion" with T1 within the prescribed 2L-hour period. When this logic is
called and T1 does move outside of the prescribed 24-hour period to achieve
convergence, the resultant Tl is most likely to occur after the 2Lh-hour
period. It is most unlikely that resultant T1 will ever occur before the
prescribed 2k-hour period due to the fact that the first iteration in the
general logic is begun with the assumption of the earliest possible value
of time of pericynthion (TOPCY), and thereafter RNV only moves forward.

Control returns to the general logic at statement 680.

GO TO (060r570) 108

ood  I0>z=¢
TO;CJR:515V(2.U*PI/WE.Tl)
WRETZ (00909)
GO TO o4y

olu  T1=T1+TOLZUR



2.0 SUBROUTINES OF CIST

There are nine subroutines of the present version of CIST. These
subroutines can be classified into the following four groups:

ENERGY
FLYTYM
SUBB
SUBCL

TLIMP

PERCYN

GEOARG
GEOLAT
HELP

These subroutines contain the empirical equations of
the simulated trajectory. All of them have the SIMUL
block in common. Input and output are both through
this common block and their calling arguments.

This subroutine defines variables of the simulation of"
the TLI maneuver. Conic elements of the resulting
trajectory are also defined. The SIMUL block is in
common. Input and output are through this common block.

This subroutine defines the variables describing the
positions of the sun, the pericynthion nadir vector, and
the position and motion of the moon. The SIMUL block is
in common. This subroutine obtains Cartesian coordinates
of positions and velocities by calling subroutine JPLEPH.
Input to PERCYN is through its calling argument, output
is through common.

These subroutines perform trigonometric calculations.
They contain no empirical equations. Input and output
are entirely through their calling arguments. They have
nothing in common.

Listings of these subroutines and more detailed descriptions of them can
be found on the following pages.

2.1 Subroutine PERCYN

2.1.1 Identification.—

PERCYN (Ephemeris Inquisitor)
F. Johnson, January 31, 1968
IBM TO9k

‘FORTRAN IV

2.1.2 Purpose.-~ Subroutine PERCYN computes variables describing the
positions of the sun, pericynthion nadir vector, and the position and
motion of the moon.
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2.1.3 Usage.-

2.1.3.1 Calling sequence: CALL PERCYN (TOPCY).

2.1.3.2 Arguments:

Parameter
name In/Out Type Description
TOPCY In Real Time of pericynthion in hours relative

to a base time defined and stored
external to PERCYN

2.1.3.3 Label common: All of the variables in the SIMUL common
block in subroutine PERCYN are the output of PERCYN. These ephemeris
variables constitute the entire XMS array. All of these ephemeris
variables described below are defined at the time TOPCY,

Location in

SIMUL block MNEMONIC Description
31 EMR Earth-moon radius, in nautical miles
32 EMRDOT EMR, first derivative of earth-moon
radius with respect to time, in
knots.
3L FIM Inclination of moon's orbit plane

(MOP) to earth's equatorial plane,
in radians.

35 RNM Right ascension of the ascending node
of the MOP, in radians.
-T < RWM < 7

36 AM Argument of the moon in the MOP past
its ascending node on the earth's
equator, in radians

-m < AM <7
37 RAM Right ascension of the moon, in
radians
-1 < RAM < 7

38 DECM Declination of the moon, in radians
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Location in

SIMUL block MNEMONIC Description
39 A6 Argument of pericynthion nadir in MOP

past moon's ascending node on earth's
equator, in radians

-m < A6 <7
40 RA6 Right ascension of pericynthion nadir,
in radians
—1r<RA6f_1r
41 cé Declination of pericynthion nadir,
in radians
Lo B6 Longitude of pericynthion, measured

in earth's equatorial plane from
ascending node of MOP, in radians.

-m < B6 <

43 AZ6 Azimuth of MOP at pericynthion nadir,
in radians.
Ly WM Angular velocity of the moon, in
rad/hr.
45 XHM Cartesian components of the angular
L6 YHM momentum vector of the moon, in
LT ZHM e.r.2/hr, relative to the earth's center.
51 SMOPL Longitude of the sun in an earth-centered
MOP coordinate system, measured counter-
clockwise from the position of the
moon, in radians.
-m < SMOPL < 7
52 SMOPD Declination of the sun in an earth-
centered MOP coordinate system, in
radians.
53 AS Argument of the sun in the ecliptic
past its ascending node on the earth's
equatorial plane, in radians.
-1 < AS <7
5L RAS Right ascension of the sun, in radians

-m < RAS <7
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Location in
SIMUL block MNEMONIC Description

55 DS Declination of the sun, in radians
56 CoI Convergence index, indicates different

types of trouble to program calling
CIST. In PERCYN, if ephemeris trouble
is encountered, COI is set equal to
2.0.

2.1.3.4 sample usage: (Refer to "Calling Sequence" and "Label Common"
above)

2.1.3.5 Storage required: Coding occupies 10378 (5&310) locations.

2.1.3.6 Error codes and diagnotics: If subroutine JPLEPH returns
an error to PERCYN, the following message is printed: "THE XMS ARRAY WE
DID NOT FILL, FOR ALL IS NOT WELL IN EPHEMERISVILLE"

2.1.4 Method.-

2.1.4.1 Statement of algorithms: The ephemeris subroutine JPLEPH
is called at time TOPCY. In JPLEPH, vectors are defined which describe
the position and velocity of the moon and the position of the sun relative
to the earth's center. The sun's position vector is stored in the six-
dimensioned array RS. The position and velocity vectors of the moon are
stored in the nine-dimensioned array RM: the position vector, in locations 1
2, and 3; the velocity vector, in locations 7, 8, and 9. 1In the following
algorithm description, the moon's position vector will be denoted as ﬁﬁhand
the moon's velocity vector will be denoted as ﬁNﬁ The units of these vec-
tors in the RS and RM arrays are in earth radii and hours.

b

If trouble of any kind is encountered in JPLEPH, a warning message
is printed by PERCYN, COI is set equal to 2.0, and a return is executed
to CIST.

If no such difficulty i1s encountered, EMR and EMRDOT are first
calculated.

EMR = 3443.93358 |RM]
— —r
RM + VM

el
|RM|

EMRDOT = 3443.93358
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RAM is calculated using a four quadrant arctangent function. RA6

is calculated by merely adding m to RAM and calling HELP to define it
between m and -w.

RAM

-
tan (RMy/RMX)

RA6 = RAM + 1
CALL HELP (RA6)

DECM is calculated using a two quadrant arctangent function. C6 is
then defined as the negative of DECM.

RM
DECM = tan-! Z

JRM2+RM2
X y

C6 = -DECM

The cartesian components (XHM, YHM, ZHM) of the moon's angular

momentum vector (HM) are calculated by the straightforward cross product
— g

—-
HM = RM x VM. The moon's angular velocity (WM) is then calculated as
—-
—
=l
| R 2

FIM is calculated using a two gquadrant arctangent function

FIM = tap-) | VXEMZ + YHM?

ZHM

RNM is calculated using a four quadrant arctangent function. B6

is then calculated as the difference (RA6 — RNM), defined between m and
-1 by subroutine HELP.

RWM = tan—! (XHM/-YHM)
B6 = RAG6 - RNM
CALL HELP (B6)
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Knowing B6 and FIM, A6 is calculated using a four quadrant arctangent
function, the argument of which is designed to give answers in the proper
quadrant. AM is then calculated as A6 + m, defined between m and -m

by subroutine HELP.
tan B6
A6 = - ——
6 tan [cos FIM ]

AM = A6 + 7

CALL HELP (AM)

Knowing B6 and C6, AZ6 is calculated using a four quadrant arctangent
function, the argument of which is designed to give answers in the proper

quadrant.
_ -1 | tan |B6
AZ6 = tan [ cin 07 ]

The solar ephemeris variables RAS, DS, and AS, are calculated using
four and two quadrant arctangent functions.

RAS = tan ! [RS /RS ]
y X

DS = tan~!

»02
AS tan” | lBiL—ul

Quadrant allocation of AS is achieved by additional statements testing
RSX and RSZ

The solar variables SMOPL and SMOPD are then calculated. 1In doing
this, two intermediate vectors SCHM and IV are used.

bnpenn ol
5 x HM

&
2
1]
j2¢)
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MOP SMOFD

|
\

SMOPL

- -
In the above illustration IV is coincident with HM.

First, using a foug_guadrant arctangent subroutine, SMOPL is calculated

as the angle from RM to SCHM.

L. .

RM -« SCHM

-
SMOPL = tan ! [___illi__]

This value of SMQEL wi;} always be in either the first or second quadrants.
If the sign of (IV + HM) is negative, this angle should be in the third

or fourth quadrant. In this case, tgg sigg_gz_this value of SMOPL is

made negative. With the angle from RM to SCHM defined in the proper
quadrant, SMOPL is then calculated as the aforementioned angle (stored in

SMOPL) plus Tr/2 and then defined between m and -m by subroutine HELP.

SMOPL = SMOPL + 7/2

CALL HELP (SMOPL)
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SMOPD is then calculated

SMOPD = i

RS = HM

nof=

—e-
can™ 1[ |SCh1

Return is then executed to the program calling PERCYN,
2.1.4.2 Derivations or references: See reference L.

2.1.5 Restrictions.-

2.1.5.1 Range of numbers that can be processed: Input is restricted
in that only the years 1950 through 1999 can be interrogated on the
ephemeris tape. Other numerical limits will be imposed by the system
FORTRAN library functions.

2.1.5.2 Range of applicability: Providing that the ephemeris has
been properly initialized by an external driver, PERCYN can be used by
almost any other program assuming the user has the storage array definitions.
In a general sense, the argument TOPCY can be any time relative to a
pre-established base time.

2.1.5.3 Other programs required: Subroutines JPLEPH and HELP.
2.1.6 Accuracy.- See "Restrictions" above.

2.1.7 Coding Information.- All calculations are single precision.
The only exception is that JPLEPH requires double precision arguments.

2.1.8 Listing.-

SUnxoJTING PERIYN (TORPIY)

S0MvioN / Sivide / PRI(30)9Xv5(20)rTAR(25),T40(20)
JOU3nI PREZLISION TeRS(3)9M(Z)ePNL(33)
SQUIVALINTI (XVS(1) e ¥x)

TUJLIVALINZZ (XMo(2) 9 Z14R22T)

SQUIVALINST (XMS(8) =1V

TQUIVALINZI (XMS(5) 9 R\W)

TRUIVALINIT (X¥M5(5)rn¥)

QuIVaczNZI (XIS (7)) R4M)

FJUIVALINZI (XM3(8)90Z1H)

SA0IVALINTSZ (XM5(S)4Ad)

AR R

(Listing continued on next page)
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SQUIVALINCI (XM5(10)rRA5)

EQJIVALINCSZ (XvM5(11),25)

CQUIVALZINCZ (XM5(12)s33)

ZQUIVALINCZI (XM5(13)9A25)

ZQUIVALINCZ (XMS(14) M)

EQUIVALINCZ (XMS(15)»X4V)

ZQUIVALINCE (XMS(16) 9 YHM)

EQJIVALINSI (XMS(17)924Y)

CQUIVALINZZ (XMS5(21)»SMOPL)
ZQJIVALINCZ (Xv5(22)Su0P))
ZSQUIVALINCZ (XM5(23)9A5)

EQUIVALINTI (XvS(24)9»RAS5)

CQUIVALINCZ (XM5(25)929)

SQUIVALEINCZ (TAR(1),C01)

C=3443.93353

PIz5.1415927

T=TORCY

CALL JPLEPH (09Tr1rR593MePNLy IERR)
IF(IZRR,Z3,0) &0 TO 20

WRITZ (5¢900)

c0I=2,0

Rz TURN

CMRZRVI(4) %

EMRIOTZ(RM(L) RkRM(7) +M(2) ¥RM(B) +RM( 3) %M (9) ) «C/RM(4)
RAMZATANZ2(RIM(2) »’M(1))

RAD=RAM+PI

CALL AZLP (RA5)

JECASATANZ2(RM(3) »SART(RM(1)%XRM(1)+RM(2)*RM(2)))
Cbz==DJECTH

XHMZRV(2) %M (3) =RM(3) *x:_M(8)
YHMZIM(3) *RM(7) =RM(1) *v(9)
ZHM:QW(l)*R%(&)-RW(E)*RW(?)

WMZSIRT (XA XA+ Y ARk Y AN+ Z MR 2HM) /RM(5)
FIMSATAN(SIRT(XHAMRXHMV+YAMRYHM) /ZHM)
RNVZATAN2(XAMy (=YHM))

36=RA5=RNM

CALL HZLP (386)
AS=ATAN2(SIN(35)9C05(35)%C0S(FIM))
AMZAS+P]

CALL HZILP (AM)
AZ5=ATAN2(A3S(SIN(35))el0S(36)%A3S(SIN(CH)))
RASZATAN2(S(2)»RS5(1))

OS=ATANZ(RS(3) rSART(RS(1)%RS(1)+RS5(2)%R5(2)))
ASSATAN(SIIT(RS(S5)/(RS(1)%:S5(1))=1,0))
IF(RS(Ll) siT,0,0) ASz=PI=AS
IF(RS(3)eLT40s0) AS==AS

(Listing continued on next page)
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XSCAMIRS(2) k24Vi=RS(3) kY 4V
YSCAMZRS(3) kX4v=35(1) *ZHV
25CAMIRS (1) *x(4AM=5(2) ¥ X\
XIVv=M(Z2) ¥ Z504AY=M(3) x75C44
YIVZIRV(3)RXS5CAM=RIVM( 1) *£5C+M
ZIVZRA(L) *YSTAM=IM(2) ¥XSC M
SVMOP_SATANZ2(SARTUXIVAXIV+YIVERYIVHZIVRZIV)»
L RM(1)¥X5CHAERM(2) ¥ YSTHYHRV(3) ¥2504M)
IF (XIvAaXAM+YIV*Y A+ 2ZIV.Z44,LT.0.,0) SUOPL==5MI”L
SMUPLISMO0RP+PI/2,0
AL A-ZLP (5M0°L)
SMIOPIzP1/2.0=ATANZ(SART(XSCHMKXSTAM+YSTURYSC4AM+2Z25C0 4V«
1 Z5CHAV) RS L) * XA+ 5(2) kY AU+ RS ( 3) «Z24M)
RITJIRN ‘
Fdu FIRMAT(///730Xs 704THZ XMS ARRAY wWZ DID NOT FILLy
1 "OR AL Is NOT wzZiu IN ZPHIMIRISVILLE,)
INJ

2.2 Subroutine ENERGCY

2.2.1 Identification.-

ENERGY (Trajectory Simulation Routine)
F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

2.2.2 Purpcse.- Subroutine ENERGY computes the energy at perigee of
a specific simulated trajectory.

2.2.3 Usage.-

2.2.3.1 Calling sequence: Call ENERGY (IPERT, Ck)




2.2.3.2 Arguments:

Parameter

b1

name : In/Out Dimension  Type Description

IPERT In -

cl In -

2.2.3.3 Label common:

Location in

SIMUL block MNEMONIC
13 XPC
14 YPC
15 RPC
31 EMR

Integer Perturbation instruction
index

=0, no perturbations

=1, only earth oblateness
considered

=2, only solar gravita-
tion considered

=3, both earth oblateness
and solar gravitation
are considered

Real Declination of perigee
(radians)

Description

Longitude of pericynthion of the
simulated trajectory in a moon-
centered MOP coordinate system,
measured counterclockwise from the
extension of the earth-moon axis
on the back side of the moon,

in degrees.

"Latitude of pericynthion of the

simulated trajectory in a moon-
centered MOP coordinate system,
in degrees.

Radius of pericynthion of the
simulated trajectory relative to
the moon's center, in nautical miles

Barth-moon radius at the time of
pericynthion of the simulated tra-
Jectory, in nautical miles



Location in
SIMUL block

32

51

61

66

88

2.2.3.4 Sample usage:

above.

ko

MNEMONIC

EMRDOT

SMOPL

FIVTL

Rh4

Description

EMR, the first derivative of
earth-moon radius with respect
to time, in knots.

Longitude of the sun in an
earth-centered MOP coordinate
system, measured counterclockwise
from the position of the moon

at the time of pericynthion of
the simulated trajectory, in
radians.

Inclination of the trajectory
plane to the MOP, defined at
perigee. FIVIL is defined as
negative if the trajectory is
going below the MOP, in radians.

Energy at perigee of the
simulated trajectory, in (inter-
national ft/sec)2.

v2
’.'-'.—’;—

<

1)

-

r

Radius of perigee of the simu-
lated trajectory relative to

the earth's center, in nautical
miles

Refer to "Calling Sequence" and "Label Common"

2.2.3.5 Storage required: Coding occupies 5778(38310) locations.

2.2.3.6 Error codes and diagnostics:

diagnostics.

2.2.4 Method.-

2.2.4.1 Statement of algorithm:

There are no error codes or

The effects of solar gravitation

(SEW) and earth oblateness (EOBW) on trajectory energy (W) at perigee,

are first calculated.

CEW =

[3.9 sin(2 SMOPL - 1.657) - 1.3] x 1o“

EOBW = (5.97 - 2.67 cos Cb4) (10%o0s 2.55 Ck)
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After each of these calculations, IPERT is tested to see whether the
effect of the perturbation is to be considered in the final value of W.

If it is not to be considered, the value of the perturbation effect
(SEW or EOBW) is set equal to zero.

Two intermediate variables, PHI and FI, are defined for use in the

final equation for W. These two variables have no known physical signi-
ficance.

2
- 30 + 3 XPC
PHI = tan “57.20578

1

FI = 3R - 29000.0

The angle F is next computed for use in the final equation for W.
As described in reference 1, F is the difference between two angles,
A and B, measured from the general node. As shown in the following
figure, A is measured to the earth-moon axis, and B is measured to
pericynthion. The longitude, XGN, and latitude, YGN, of the general node
are given by empirical equations which are approximations.

\ Pericynthion

* |
YGN_l-O;_A/’jk (,]

XGN

S

3 MOP

General Farth-moon
node axis



by

EMR

XGN (deg) = -68.0 + m + 0.625 XPC
YON (rad) = -sin pryer | 26 = 0.16 (XGN + 48.0)
57.29573
XGN (rad) = XGN (deg) /57.29578

The calculation of A and B are straightforward problems in spherical trig-
onometry. Two additional intermediate variables involved in these
calculations are as follows:

COA

cos A
and

COB

cos B.
F is then given, in degrees, by the simple equation
F = 57.29578 (B-A)
The value of W is then calculated using the following equation:
W = -271L4728.L - (1.Lk002127 x 10'2)FI + EMRDOT [3070.62LL
+ (2.1k70226 x 108)FI + 1.1L95569 EMRDOT] + 750. Rk
+ (1.0 - cos FIVTL)(2.2 EMR - 6.8 x 10%) + F(-75150.

.05 EMR - 8.75 EMRDOT) - [L050.

+

364500. /(F-90.)] (2.25 EMRDOT - .01 EMR + TO70.)

+

(8.6016 x 10°) PHIZ[l./[(RPc - 1015.)/(2217.025 PHI)

+1.] -1.] + SEW + EOBW

2.2.4.2 Derivation or references: See reference 1.
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2.2.5 Restrictions.-

2.2.5.1 Range of numbers that can be processed: The only requirement
of the input ephemeris variables is that they represent realistic
earth-moon-sun conditions. The input trajectory variables must represent
a translunar trajectory of the type described in the reference.

2.2.5.2 Range of applicability: Subroutine ENERGY is designed for
use with the CIST package. However, ENERCY can be used in other
applications of simulated trajectories.

2.2.5.3 Other programs required: No other programs are required.

2.2.6 Accuracy.- The greatest accuracy of the perigee energy equation
in this subroutine, will be obtained if RPC is within several hundred
nautical miles of 1015 n. mi., and R4 is within several tens of nautical
miles of 3550 n. mi. Thé constraint of RPC is at present the more serious
limitation. Usable values of W are given by this subroutine for RPC's
of several thousand nautical miles with reasonable consistency. Greater
accuracy will alse be achieved the closer XPC and YPC are to -zero; however,
these restrictions of XPC and YPC are not nearly as critical as the limi-
tations of RPC and R4. Reasonable accuracy should be expected if XPC is
kept between 20° and -50° and YPC is kept between 10° and -10°. Greater
accuracy should.be expected the closer ]FIVTLl is to zero.

2.2.7 Coding information.- All calculations and input/output are
‘in single precision.

2.2.8 Listing.-

SU3RJIJTINI ZINIRSY (IPZRTeCy)

COMMON / SIMUL 7/ PRZI(30)sXMS(25)»TAR(25)9TAJ(20)
ZQUIVALINCZ (PRI(13),XP2)

SQUIVALINZZ (PRZ(14),Y20)

ZQUIVALINCZ (PRZ(15)9RP0)

ZQUIVALINSZ (XMS5(1)92MR)

TRQUIVALENCZ (XM5(2)9ZMRI0T)

ZQUIVALENSI (XM5(21)sSVOPL)
ZQUIVALINGT (TAR(5),7IVTL)
ZQUIVALINGE (TAR(11)ew)

SQUIVALINCZ (TRAJ(8)RY)

w = ZFFZCT OF SOLAR GRAVITATION

OO0
(73]
m

SIW=3,9Z+04*SIN(240%x5MIPL=-1,657)~1.3Z+04

(Listing continued on next page)
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IF(IPZRTAZU, 0,08, IP2RTL2Q,1) 5IW=0,0
2054 = IFTICT 07 ZARTH 03LATEINESS

ZO3NZ(0e97=2,07%¥C05(C4))%C05(2,55%C4) %1,0Z+05
IF(IP2xTeZ3,000,IP23Te2Q,2) Z03W=0.0

IPx=07.295730

PALZ(30,0+XPC*0,.55005557)/IPR

PAL=S51 N (PHI1)/C05(>-1)

Slz1l.0/(ZMR=23000.0)

XoNZ=53.0+-MR/710000.,0+0,525%XPC
YONZ=SIN(TIVTL)*(3e0=0.15%(XGN+48,0))/DI°R

XOGNIX3N/DPR

CoAzZCI>(X3N)*CZIO5(YS\N)

AZATAN(SQRT(L1.0/(20A%C20A)=-1,0))
COZSIN(YGN)RSIN(YPT/I2R)+C05(YSN)*COS(YPC/IPR)*COS(XPL/IPR=XGN)
3TATAN(SQRT(L0/7(203%203)-1.0))

SZ(3-A)%D°PR
WZ=2714728.4=1,40021272+1247FI+ZMRIOT*(3070.524%4+
FIlx2,1470220Z+U54ZMRIIT*1,1495569)

tR4%7DU 40+ (14 0=C0S(FIVTL))%(2.2%ZMR=5,8Z+04)

+=k (=7515040=0.05%¥M=2MRDIOT%8,75)
=(4J9230,0+354500,0/(==30.0))*(ZMRIOT*2,25-EM%0.01+7070,0)
+8,001000Z+05%PHI1*%x2%(1,0/((RP2=1015,0)/(2217,0250%P-41)+1,0)=1.0)
+SZWHZU3W

RETUN

ZND

2.3 Subroutine FLYTYM

2.3.1 Identification.-

FLYTYM (Trajectory Simulation Routine)
F. Johnson, January 31, 1968

IBM TO9k

FORTRAN IV

2.3.2 Purpose.~ Subroutine FLYTYM calculates the perigee to
pericynthion flight time of a specific simulated translunar trajectory.

2.3.3 Usage.-

2.3.3.1 Calling sequence: CALL FLYTYM (IPERT, RQDFT)
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2.3.3.2 Arguments:

Parameter
name In/out Dimension Type
IPERT In - Integer
RQDFT Oout - Real

2.3.3.3 Label common:

Location in
SIMUL block MNEMONIC

Perturbation instruction

index

=0, no perturbations con-
sidered

=1, only earth oblateness
considered

=2, only solar gravitation
considered

=3, both earth oblateness
and solar gravitation
considered

Flight time from perigec
to pericynthion on the
simulated translunar
trajectory in hours

Description

13 XPC Longitude of pericynthion of the
simulated trajectory in a moon-
centered MOP coordinate system,
measured counterclockwise from the
extension of the earth-moon axis
on the back side of the moon,
in degrees.

1k YPC Latitude of pericynthion of the
simulated trajectory in a moon-
centered MOP coordinate system,
in degrees.

15 RPC Radius of pericynthion of the
simulated trajectory relative to
the moon's center, in nautical

miles.
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Location in

SIMUL block MNEMONIC Description
31 EMR Earth-moon radius at the time of peri-

cynthion of the simulated trajectory,
in nautical miles.

32 EMRD EMR, the first derivative of earth-moon
radius with respect to time, in knots.

51 SMOPL Longitude of the sun in an earth-centered
MOP coordinate system, measured counter-
clockwise from the position of the moon at
the time of pericynthion of the simulated
trajectory, in radians.

61 FIVTL Inclination of the trajectory plane to
the MOP, defined at perigee. FIVTL is
defined as negative if the trajectory
is going below the MOP, in radians.

2.3.3.4 Sample usage: Refer to "Calling Sequence" and "Label
Common" above.

2.3.3.5 Storage required: Coding occupies 457, (303 ) locations.
8 10

2.3.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

2.3.4 Method.-

2.3.4.1 Statement of algorithms: The effect of solar gravitation
(SGFT) on flight time is first calculated.

SGFT = (EMR)(2 x 10=7) + cos (0.1745 - 2 SMOPL) [(EMR)(2.6 x 1077)

- (EMRD)(7.5 x 10-°) - 0.1554] - 0.028

IPERT is then tested to see if the effect of this perturbation is to be
considered in the final value of flight time (RQDFT). If it is not to
be considered (IPERT = O or 1), SGFT is set equal to zero.

The angle F is next calculated for use in the flight time equation.
As described in the reference, F is the difference between two angles,
A and B, measured from the general node. As shown in the following
figure, A is measured to the earth-moon axis, and B is measured to
pericynthion. The longitude, XGN. and latitude, YGN, of the general node
are given by approximate empirical equations.
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General Barth-moon
node axis
XCN(deg) = -68.0 + Ia—%%%—6-+ 0.625 XPC
YGN(rad) =(-sin FIVIL) 9.6 - 0.16 (XGN + 48.0)
57.29578
XGN{(rad) = XGN/57.29578

The calculation of A and B are straightforward problems in spherical
trigonometry. Two intermediate variables involved in these calculations
are as follows:

COA cos A

COB

cos B
F is then given, in degrees, by the simple equation
F = 57.29578 (B - A)

The perigee-to-pericynthion flight time of the simulated trajectory is
then calculated using a lengthy empirical equation. This flight time

is given the address RQDFT because in the present CIST logic, this is

the required flight time, as opposed to available flight time.
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RODFT = 180035 + (L.h55251 x 10-") EMR
- EMRD [(1.6723713 x 10=7) EMR - (L1.5007662 x 1077)]
+ (cos FIVIL - 1.0)((2.h x 10-°) EMR - 3.96)
-(0.012 - (3.3 <« 1076) EMR + (5.0 = 10™") EMRD)?
425.53191 + 1.0/[(2.209 x 10-5)P‘/(o.oh8
- (1.32 x 10=>) MR + 0.002 EMRD} - o.oozssD
+ SGFT](RPC/1015.0)0'17

Having calculated the flight time, a return is given by the subroutine.
2.3.4.2 Derivations or references: See reference 1.

2.3.5 Restrictions.-

2.3.5.1 Range of numbers that can be processed: The only require-
ment of the input ephemeris variables is that they represent realistic
earth-moon-sun conditions. The input trajectory variables must repre-
sent a translunar trajectory of the type of described in the reference.

2.3.5.2 Range of applicability: Subroutine FLYTYM is designed for
use with the CIST package. However, FLYTYM can be used in other appli-
cations of simulated trajectories.

2.3.5.3 Other programs required: No other programs are required.

2.3.6 Accuracy.- The greatest accuracy of the flight time equation
in this subroutine will be obtained if RPC is within several hundred
nautical miles of 1015 n. mi., and perigee radius is within several tens
of nautical miles of 3550 n. mi. The constraint of RPC is at present the
more serious limitation. Usable values of RQDFT are given by this sub-
routine for RPC's of several thousand nautical miles with reasonable con-
sistency. Greater accuracy will also be achieved the closer XPC and YPC
are to zero; however, these restrictions of XPC and YPC are not nearly as
critical as the limitation of RPC. Reasonable accuracy should be expected
if XPC is kept between 20° and -50°, and YPC is kept between 10° and -10°.
Greater accuracy should also be expected the closer lFIVTLI is to zero.

2.3.7 Coding information.- A1l calculations and input/output are in
single precision.
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2.3.8 Listing.-

SJYIRIJTINZ FLYTYM (IPZRT»RIDFT)

COMMON / SIMUL 7/ PRI(30)»XMS(25)rTAR(25)»TRAJ(20)
ZQUIVALENCZ (PRI(13)+XPL)

ZQUIVALEINTZ (PRI(14),YP2)

ZQUIVALINZZI (PRI(15)RPC)

SEQUIVALINTZ (XMS(1)»2MR)

ZQUIVALINCZ (XM5(2)»2MRD)

SQUIVALZINCZ (XM5(21)510PL)

EQJIVALINIZ (TAR(D)»FIVTL)

JPR=57,.,29573

S6FT = ZFFZCT OF SOLAR GRAVITATION
S55FT=2.,0Z=07%ZMR+C0S(061745-2,0%SMOPL) *x(EMR%9,5Z=07=ZMRD*7,5£=05
=0.1554)-0.028

IF(IPERT.LZ.1) SGFT=0.0

XGN==53,0+4ZvR/710000,0+0,525%XPC
YONZ=SIN(FIVTL)*(9.56-0.15%(XGN+48,0))/IPR

XGN=X3N/2PR

COA=COS(XGN)*ZI5(YGN)

AZATAN(SART(1.,0/7(C0A%C0A)-1.,0))
CO3=SIN(Y3N)*SIN(YPC/JPR)+C0S(YSGN)*CIS(YPC/IOPR) *¥COS(XPC/DPR=XGN)
3=ATAN(53RT(1.,0/(C03%C03)-1.0))

F=(3-A)*DPR
RAIFT=(=23,4B0035+ZMI*4.4552515~04=EMRI*(EM*1,67237132~07
=1.500756522-02)+(COS(-IVTL)=1,0)%(ZVMR*¥2,4E-05~3,.936)
=(0,012-3,3Z=05%ZMR+5,0Z-04*ZMRD) ¥%x2 ‘
*(425,53131+1.,0/(5%2,2032-05/(0,048=-2MR*1,32E-05+2MRDI%*0,002)
=0.,00235) ) +5G7T)*(RPC/1015.0)*%0,17

RZTURN

IND




2.4 Subroutine SUBB

2.4,1 Identification.-

SUBB (Trajectory Simulation Routine)
F. Johnson, January 31, 1968

IBM 709k

FORTRAN IV

2.4.2 Purpose.- Subroutine SUBB calculates two angles, BETA and AFNTMH,
which are output in its calling argument. These two angles are shown
in the following figure.

Orbit-trajectory
plane

Pericynthion AFNTMH ¢
nadir

Perigee

e Y
~— BET 5 -

BETA is essential to the definition of the perigee state vector of the
simulated trajectory in CIST. The angle AFNTMH (stands for angle from

node to M-hat) is essential to the definition of TLI tarteting elements
in CIST.

The calculations of BETA and AFNTMH are based upon the use of an empirical
mechanism called the translunar injection tangency surface, which is
described in detail in reference 3. The M TLI target vector is defined
as the point of tangency of the orbit-trajectory plane on the tangency
surface.
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2.4.3 Usage.-
2.4.3.1 Calling sequence: CALL SUBB (IPERT, BETA, AFNTMH).

2.4.3.2 Arguments:

Parameter o
name In/Out Type Description

IPERT In Integer Perturbation instruction index

=0, no perturbations considered

=1, only earth oblateness considered
=2, only solar gravitation considered
=3, both earth oblateness and solar

gravitation considered

BETA Out " Real The angle measured in the MOP from
the node of the outgoing trajectory
on the MOP to the pericynthion

nadir. BETA is defined as negative
when pericynthion nadir occurs behind

the node, as is normally the case.

AFNTMH Out Real Angle in the orbit-trajectory plane

"from the MOP node to the M TLI
target vector

2.4.3.3 Label common:

Location in
SIMUL block MNEMONIC Description

13 XPC Longitude of pericynthion of the
similated trajectory in a moon-centered
MOP coordinate system, measured
counterclockwise from the extension
of the earth-moon axis on the back
side of the moon, in degrees.

1k YPC Latitude of pericynthion of the
simulated trajectory in a moon-centered
MOP coordinate system, in degrees.

36 AM Argument of the moon in the MOP,
at the time of trajectory pericynthion,
past the ascending node of the MOP on
the earth's equator, in radians.
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Location in

SIMUL block MNEMONTIC Description
55 DS Declination of the sun at the time

of trajectory pericynthion, in radians.

61 FIVTL Inclination of the trajectory plane
to the MOP, defined at perigee.
FIVIL is defined as negative if the
trajectory 1s going below the MOP,
in radians.

2.4.3.4 Sample usage: Refer to "Calling Sequence" and "Label Common"
above for usage.

2.4.3.5 Storage required: Coding occupies h7l8 (31310) locations.

2.4,3.6 Error codes and diagnostics: If the latitude (YT) of the
axis of mutual tangency is greater than |FIVTL!, the following message
is written: "WARNING, TANGENCY SURFACE PROBLEM, YT DEFINED AS SIGN
(ABS(FIVTL), YT)."

2.4.4 Method.-

2.4.4.1 Statement of algorithms: Detailed descriptions of the theory
and use of the tangency surface are very lengthy and can be found in
reference 3. The equations used in this subroutine are identical to those
presented in the reference.

First, the longitude, XC, and latitude, YC, in the MOP coordinate

system, of the center of the tangency surface lobe which will be used,
are calculated in radians.

_1.93 - 0.037 XPC

X = 5750518
vo =  SIGN (1.0, FIVTL)(0.60 - 0.02 XPC) - 0.035 YPC
57.29578

The intermediate variable PLUS is next defined. PLUS is the equivalent
of the product of Q and cos (AM - S) as described in reference 3. PLUS
contains the effects of solar gravitation and earth cblateness. Con-
sequently, the method used to define PLUS is dependent upon the pertur-
bation instruction index, IPERT.
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If IPERT = 0, PLUS = 0

_ 18
If IPERT = 1, PLUS = 0.031T cos [““ - 57.29578]
If IPERT = 2 or 3,

PLUS = [0.0285 + 0.0115 cos(3.85DS)cos{am - L0+ 5 cos(3.85 D |
5T7.29578

The latitude, YT, relative to the MOP of the node of mutual tangency of

the two lobes of the tangency surface is next calculated in radians.

_ PLUS - YPC (0.015165 - 0.000201 XPC)

YT 57.20578

In order for tangency to be achieved, |FIVTL| > IYTI. A test is next
made to see if this condition is satisfied. If this condition is not
satisfied, YT is redefined as follows,

YT = SIGN (|FIVTL|, YT)
such that tangency can be achieved.
Prerequisite to the calculation of BETA and AFNTMH is the calculation

of the angle Z, shown in the following figure. The negative of the sine
of Z is denoted as S.

Trajectory
plene
_
Pericynthion
nadir
FIVTL




S is normally found by straightforward spherical trigonometry.

q = —8in (YT - ¥C) - cos FIVTL sin YC
sin FIVTIL cos YC

and Z is defined as,

7 = - SIGN (1.0, S) tan~!

SZ

However, if the condition |FIVTL| < IYTI was originally detected, and YT
was redefined so that tangency can be achieved, the above equations are
not used to calculate Z. In these cases, Z is defined as equal to m/2
if FIVTL and YT have the same sign, or equal to -n/2 if FIVTL and YT have
dissimilar signs. This insures that the trajectory node on the MOP, from
which BETA and Z are measured, is the node nearest perigee.

With 7 defined, BETA is simply calculated in radians as
BETA = Z - XC
The angle AFNTMH is then calculated using the intermediate variables

COTH and SITH, which are the sine and cosine of the angle 6 shown in the
following figure.

Trejectory
plane

Pericynthion

nadir —

5

MOP

>
(@]
[

/l
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COTH = sin FIVTL cos 2

SITH ='P - COTH?

The equation used to calculate AFNTMH is based upon plane trigonometry

approximations, not pure spherical trigonometry.

Z + ¥C - YT

AFNIMH = =5V * “tan o

Return is then executed.
2.4.4.2 Derivations or references: See references 1 and 3.

2.4.5 Restrictions.-

2.4.5.1 Range of numbers that can be processed: The range has
not been determined.

2.4.5.2 Range of applicability: Subroutine SUBB is a specialized
routine for use only with the CIST package.

2.4.5.3 Other programs required: No other programs are required.
2.4.6 Accuracy.- Aééuracy is, in one sense, determined by the system
FORTRAN library functions. The routine was designed for use in simulating

translunar trajectories of the type used in nominal Apollo missions.

2.4.7 Coding information.- All calculations are in single precision.

2.4.8 Listing.-

SU3RIJTINI 5J33 (IPIRT»3ZTAPASNTMAH)

COMMON 7/ SIMUL / PRI(30)9XMS(25)9TAR(25)»TAJ(20)
ZQUIVALINTI (22(13),X°C)

IQUIVALINCZ (PRI(14),Y20)

QUIVALINCZ (XM5L(5)04M)

QUIVALZINCZ (XM5(25)925)

ZQUIVALINCZ (TAR(S)»=IVTL)

[ RN

IN THIS VIRSION 0° SuU33y THZ ZFFZICT

OF SOLAR GSRAVITATION CANNOT 3z
CONSIDOZIRID SERARATEILY FROM TH:Z
IF=ECT 05 ZARTH J3LATENEZSS,

(Listing continued on next page)
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IPR=D57.295753
X2=(1.95=0.037%«X2C)/3°>R
Y2o(=SIGN(L,UrTIVTL)4(0.50-0.02%XPC)=0,035%YPZ)/I”PR
PLus=0.0
LF(IPZRTLZued) 30 TO 2V
IF(IPZRT.5242) 0O TO 11U
PLUDZ0.0317%C05(AvVi=13,0/2°R)
30 TO0 2u
10 PLUSZ(0.0235+0,0110%205(3,35%25))%C05(AM=(10,0+#5,0%C05(3.85%J5))
1 /7JPR)

2 YTz (PoJS=YPC#(0.0105155-0,000201%XP2))/IPR
IF(A3S(YT)eTA3S(FIVTL))Y 30 TO 30
YTZSLISN(A3S(FIVIL)»YT)

5:-100
IF(FIVT YT ,Te0.0) 5z1.0
2=-515N(1.003)%30,0/07PR
WR1ITZ (5r9ud)

50 TO 40

AU SS(=SIN(YT=YC)=COS(FIVIL)Y*SIN(YC)Y)/Z(SIN(FIVTL)*C05(YC))
2==315V(1.0rS5)*ATAN(L1,0/53RT(1.0/(5%3)~1,0))

40  3Z1A=Z=-XC
COTAZSIN(-IVTL)*Z05(2)

SITAZS39RT(1.0-20TH%C0TH)
AFNTMAZZ/Z05(TIVTI)+H(YI-YT)*ZOTAH/SITH
RITURN
JUd  FORMAT(/30Ap 714wARNINGe TANGINCY SURFACZI PRO3.IM. YT RTIZFINIO
15 51oN(ASS(TIVTL)»YT)//)
NI

2.5 Subroutine SUBCL

2.5.1 Identification.-

SUBCL (Trajectory Simulation Routine)
F. Johnson, January 31, 1968

IBM TO9L

FORTRAN IV

2.5.2 Purpose.- In the present version of CIST, the position of the
perigee of the simulated trajectory in the trajectory plane is defined
by the angle CL. This angle is measured from pericynthion nadir to perigee,
as shown in the following figure. CL is calculated in this subroutine.



Pericynthion . /:L//////»’
nadir CL \
Trajectory plane
/g/ﬁ'ﬂ* defined by FIVIL

ﬂf o — K\ = and tangency surface
MOP

- Tangency
surface

In the reference, wherein the simulation of trajectories is described,
perigee position is defined as the intersection of the trajectory plane
with an empirical mechanism, the translunar perigee surface. This
mechanism is not formulated in the present version of CIST.

2.5.3 Usage.-
2.5.3.1 Calling sequence: CALL SUBCL (IPERT, CL).
2.5.3.2 Arguments:

Parameter
name In/Out Type Description

IPERT In Integer Perturbation instruction index
=0, no perturbations considered
=1, only earth oblateness
considered

=2, only solar gravitation
considered

=3, both earth oblateness and
solar gravitation considered

CL Out Real Angle between the pericynthion

nadir and translunar perigee,
in radians



60

2.5.3.3 Label common: All variables are input

Location in

SIMUL block MNEMONIC Description
13 XPC Longitude of pericynthion of the

simulated trajectory in a moon-centered
MOP coordinate system, measured counter-
clockwise from the extension of the
earth~-moon axis on the back side of

the moon, in degrees.

1k YPC Latitude of pericynthion of the
simulated trajectory in a moon-centered
MOP coordinate system, in degrees.

15 RPC Radius of pericynthion of the simulated
trajectory relative to the center of
the moon, in nautical miles.

31 EMR Earth-moon radius at the time of
trajectory pericynthion, in nautical
miles.

32 EMRDOT EMR, the first derivative of earth-moon

radius at the time of trajectory
pericynthion with respect to time,
in knots.

36 AM Argument of the moon in the MOP past
its ascending node on the earth's
equator, in radians.

51 SMOPL Longitude of the sun in an earth-~
centered MOP coordinate system, at
the time of trajectory pericynthion,
measured counterclockwise from the
position of the moon, in radians.

61 FIVTL Inclination of the trajectory plane
at perigee to the MOP, in radians.
FIVTIL is defined as negative if the
trajectory is going below the MOP.

2.5.3.4 Sample usage: Refer to "Calling Sequence' and "Label
Common" above.

2.5.3.5 Storage required: Coding occupies 2738(18710) locations.

2.5.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.
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2.5.4 Method.-

2.5.4.1 Statement of algorithms: The effects of solar gravitation
(SECL) and earth oblateness (OBCL) upon the angle CL are first calculated.

SECL

(?.11 - (8 x 1077) EMR) sin (2 SMOPL + 0.611) - 0.01

OBCL

1}

(1.6457056 x"1072)sin (2 AM + 0.166)

Immediately after each calculation, the perturbation instruction index
(IPERT) is tested to see if the given perturbation is to be considered
in the calculation of CL. If it is not to be considered, SECL or OBCL
is set equal to zero.

CL is then calculated by a lengthy empirical equation and converted
to radians for final output.

CL = 6.3814106 - (1.1030239 x 1075) EMR + (5.3567533 x 10~ 3) EMRDOT
+ 6950./(RPC + 652.) + 0.011k |ypc| + 0.01892 (YPC)(FIVTL)

- cos (FIVTL)(0.055 XPC.- 1.35) - [@.2&57 - (k.5 x 1077) EMR]2
[?88.88889 +1.0/[5.0625 XPC/(9.828 x 10° - 1.8 EMR)
- 0.001125]] + 0.055 XPC + SECL + OBCL

CL = CL/5T7.29578

2.5.4.2 Derivations or references: See reference 1.

2.5.5 Restrictions.-~

2.5.5.1 Range of numbers that can be processed: This subroutine is
designed for use in simulating translunar trajectories of the type used
in nominal Apollo missions.

2.5.5.2 Range of applicability: Subroutine SUBCL is a specialized
routine for use only with the CIST package.

2.5.5.3 Other programs required: No other programs are required.
2.5.6 Accuracy.- See " Restrictions" above.

2.5.7T Coding information.- All calculations and input/output are
in single precision.
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2.5.8 Listing.-

SUIRKOJTINI 5U3CL (IPZIRT»CL)
COMMON / SiMde 7/ PRz (30)eXMS(25)»TAR(23)»TRAJ(20)
QUIVALINCZ (22(10)9X”0)
QJIVALINTZ (2Z(14),Y”C)
JJLVALINCZ (PRI(12)0R70)
ZQUIVALINIZ (XM5(1)2MR)
ZQUIVALINZZ (XM5(2)»2400T)
ZQJIVALINIZ (XM5(5) 0 AM)
ZTQJIVALINTZ (XM5(21)»SMOPL)
ZQULVALINCI (TAR(D)Y P =1VTL)
JPR=o7.295784

AR RN A}

ZCL I5 IHZ ZFFICT OF 50.AR GRAVITATION ON Co

SELe=(Ue11=3,02=07%ZMR)*SIN(2,0%5SMOP.+0.611)~0.01
IF(i2ITeazel) 52C0L20,0

CL @5 THE 55207 OF ZARTH J3LATINZISS ON CL

0300=1.54070052-02%5INM(2.,0%x4M+0,155)

IF(IPIRT aZue0,uRLIPIRTLZ],2) 03CL=0.0
CiZ0ed514100~IM3%1.10302332~05+2URDIT*5,35575332-03
+5900.07(RP2+552,0)+0. 0114 «A3S(Y2C)+YPC*FIVTL*0,01892
“CUn(TIVTL) ¥(UeUDHXKKPZ=1432)=(0.2457=MUR%xU4,5Z=07) *%x2
¥(D5553.383889+1,U/(XPL%x5.0525/(3.8282+05-2MR%1,.%)-0,001125))
+UeUDDKAPCZ+52C.+0300L

Cl=o-/J0PR

RETJRN

=N
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2.6 Subroutine TLIMP

2.6.1 Identification.-

TLIMP (Empirical TLI Simulation Routine)
F. Johnson, January 31, 1968

IBM 709k

FORTRAN IV

2.6.2 Purpose.- The primary function of subroutine TLIMP is to
calculate variables describing an optimum coplanar TLI thrust maneuver.
These calculations are based upon a method of empirically simulating
optimum TLI maneuvers which is described in the reference.

The secondary function of TLIMP is to define the osculating elements
of the trajectory at perigee.

2.6.3 Usage.-
2.6.3.1 Calling sequence: CALL TLIMP.
2.6.3.2 Arguments: There are no arguments.

2.6.3.3. Label common:

Block name Input Output
SIMUL T, 29, and 66 81-92

Refer to METHOD, Statement of algorithms:, for definition of the
above parameters.

2.6.3.4 Sample usage: Refer to "Calling Sequence" and "Label
Common" above.

2.6.3.5 Storage required: Coding occupies 5208 (33610) locations.

2.6.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

2.6.4 Method.-

2.6.4.1 Statement of algorithms: Input to and output from TLIMP
consists of the following variables in the SIMUL common block.
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Location
in common
block SIMUL MNEMONIC Definition

T R1 Orbit radius, in nautical miles
(input)

29 TTW Thrust-to-weight ratio at beginning
of TLI (input)

66 W Trajectory energy in (international
ft/sec)? (input)

_ V2 u
W=c3/2=5 -3

81 ETA True anomaly of TLI cutoff, in
radians

82 APS Angle from beginning of coplanar
TLI to perigee, in radians (equals
a plus o)

83 GTD Flight-path angle at TLI cutoff, in
degrees

84 DV Characteristic velocity of coplanar
TLI maneuver, in international ft/sec

85 FTOCO Flight time on trajectory of TLI
cutoff past perigee, in hours

86 RT Radius of TLI cutoff, in nautical
miles

87 E Eccentricity of trajectory at perigee

88 RY4 Perigee radius Conic elements of

89 P Semilatus rectum trajectory at

90 A Semimajor axis pérlgee, in nautical

miles
91 B Semiminor axis
92 COEF Coefficient of flight time equations.

Units are hr/n. mi.

Subroutine TLIMP defines a simulation of an optimum coplanar TLI

thrust maneuver. The type of simulation used is described in reference 2.
This type of TLI simulation, which uses relatively short empirical equations,
is more accurate than simulations using multiple sets of lengthy polyno-
mials.
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The empirical equations of the simulation.define ETA, APS, R4, and
DV as functions of R1l, W, and TTW.

Beginning of TLI TLI cutoff

:; Translunar
# trajectory
Circular -
parking orbit .

N

The empirical equations used in TLIMP are those presented in
reference 2. These equations use variables having metric units. These
metric variables, RORB, UE, C3, and CDIF, are defined before the empirical
equations are used.

FPKM Conversion factor, international ft/km

FPKM = 3280.8399
FKMPNM Conversion factor, 'km/ n. mi.
FKMPNM = 1.8520
RORB Radius of circular earth parking orbit, in kilometers
RORB = R1 x FKMPNM
UE Gravitational constant of the earth, in km3/sec2
UE = 398603.20
c3 Trajectory energy, in (km/sec)?

C3 = 2 x W/FPKM?

CDIF Difference between the energies of the circular
parking orbit and the trajectory, in (km/sec)?

CDIF = UE/RORB + C3
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The four empirical equations are as follows:

( RORB )(1.01h3h6o - 0.020)
_ 2.1397405 - 5750.0 TTW
ETA = tan~! 260.73592 + 1.6338L479

L CDIF

[ RORB [ 1.0365969 ) )

-1 (2.&185082 - h620.o)( TTW 0.051020408
APS = tan™" |~ 551, .80898 + 2.1846192
CDIF
L

RL = RL + (=0.15664127CDIF3 + 34.5689L0 CDIF?

-253.71417 CDIF)/(RORB TTW2 FKMPNM)

, UE ’ UE 5
_ - - 11.61
DV =| 4/CDIF + ~ORE =5 (DC 1 )

3850.0 TTW

. —6 -
(2.7022098 - SORB )(:2‘026h5h3 10~ (3.63276L8 x 10 8) TTW | FPKM

After the empirical equations are used to define ETA, APS, R4, and
DV, the conic variables are calculated for output in the SIMUL block.
In doing this, four variables are defined which are not stored in SIMUL.
These four variables are as follows:

VPG
VPG
HSQ
H

5Q

Velocity of perigee, squared
Velocity at perigee
Angular momentum of vehicle, squared

Angular momentum of vehicle

The remaining algorithm of subroutine TLIMP is as follows:

VPGSQ = 2(W + %E)

VPG

v VPGSQ

\

(R42)(VPGSQ)

(R4) (VPG)

HSQ
U



B =17 |(a) (P)]

_ P
" 1+ E ¢os ETA

RT
G8D = tan-l((—EI),—(—m sin ETA) 57.29578

6076.11549 A

COEF = ==%56.0 g
FTOCO = COEF (213 tan™! (gi‘ tan %i) - (E)(RT)sin ETA)

2.6.h.2 Derivations or references: See reference 2.

2.6.5. Restrictions.-

2.6.5.1 Range of numbers that can be Processed: Input data should
be restricted to the ranges of the data from which the simulation
equations were derived. Parking orbit radius (R1) should be within about
LO n. mi. of 3550 n. mi., and thrust-to-weight ratio (TTW) should be
between the approximate limits of .63 and .80. Trajectory energy can
have any value from that of the parking orbit up to 0 (parabolic).

Violation of these limits will only result in questionable accuracy
of the variables which are output by TLIMP.

2.6.5.2 Range of applicability: Subroutine TLIMP is a special routine
intended primarily for use in the CIST package. It can be applied else-
where providing all input falls within the definitions as defined herein.

2.6.5.3 Other programs required: There are no other program
requirements.

2.6.6 Accuracy.- Detailed descriptions of the accuracy of the
empirical equations used in TLIMP, to simulate optimum coplanar TLI thrust
maneuver, can be found in references 5 and 6.

2.6.7 Coding information.— All input, output and computations are
in single precision.
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2.6.8 Listing.-

SUSRIJTINI TLIMWP

SOMMON / SIMUL 7/ PRI(30)9XMS(25)»TAR(25)T4J(20)
TQULVALINZZ (PRI(7)R1)

ZQUIVALINCZ (PRI(29)TTW)

QUIVALINZZ (TAR(11)»w)

QUIVALINZI (TRAJ(1)»ZTA)

TQUIVALINCI (TRAJ(2)rA°PS)

QUIVALZNZZ (TRAJ(I)»57D)

QUIVALINZZ (TRAJ(4)»2V)

SQUIVALINZI (TRAJ(L)»~TOCZD)

SQUIVALINCZI (TRAJ(0)eR7)

ZTQULIVALINZI (TRAJ(T7)eZ)

TAUIVALINCD (TAJ(B)9RY)

TQJEVALINCI (TRAJ(I) )

TAJIVALINZI (TRAJ(10)2A)

TQULVALINSD (TRAJ(11)03)

SAULVALINCT (TRAJ(L12),20ZF)

J=e231570040=+13

UZ=393503,20

FA{MPNMZ1,.3520

FPKM=3250.3399

ROR3=R1I*xFKMPANV

C3z2.0%kW/(ZPKMRFPLHY)

COIFZJZ/RIR3+C3
STAZATAN((21397405=3033/5750,0)%(1,0143450/TTW=0,020)/
(206U0473392/C017+1.56333473))
APS=ATAN((2.41585082=-R03/4520,0)%(1.0355963/TTw=-0,051020u408)/
(25%.3058935/20I7+2,1545132))
R“:&1+(-0.13654127*231:**3+34.568940*:31?**2—253.71417*CDIF)/
(RIRI*kTTwWxTTWx=KMPANM)

IV (SART(SIIF+IZ/R0OR3) =SART(UI/ROR3I+((CIHIF=-11.61) %*2%
(2.7022098-%02:/3850.0)*(2.02545432-05/TTW+3.53276485-08))/
TTw) *kFP<LM

VPO53=2.0x(W+J/R4)

VPEZ5SART(VRP55)

A5G RY*RG¥V 2550

HoR4xVP3

P=d>3/J

A:_J/(Z'O*N)

IZ1.0-R%/A

3=53T(A35(4a%2))

R7=P/(1.0+Z%xC05(ZTA))
57D=ATAN(I*R7/2%SIN(ZTA))*57,29578
CO-F=5U075.,11543/3200.0%A/4

ETOCO=C05 (2. 0%x3xATAN(RY/3%SIN(ZTA/2,0)/COS(ZTA/2.0)) -
TRR7TxSIN(ZITAY)

RZTJRN

ZND

e

[ AN R
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e

2.7 Subroutine GEOARG

2.7T.1 Identification.-

GEOARG (Trigonometric Routine)
F. Johnson, January 31, 1968
IBM 7094

FORTRAN IV

2.7.2 Purpose.- Subroutine GEOARG is used to calculate angles
describing a state vector in an orbit-trajectory (0-T) plane in a polar
coordinate system. It is not mandatory that the base plane of this
coordinate system be the earth's equatorial plane although this is
usually the case.

O-T plane
/
Inertisl f;
1
reference
axils

Base plane

Given FI, A, and RN, GEOARG calculates AZ, B, C, and RA. All parameters,
both input and output, are angles, the units of which are radians.

2.7.3 Usage.-
2.7.3.1 Calling sequence: CALL GEOARG (FI, A, RN, AZ, B, C, RA)



2.7.3.2 Arguments:

Parameter

name In/Out Type
FI In Real
A In Real
RN In Real

A7 Out Real

B Out Real
C Out Real
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Description

Inclination of orbit-trajectory plane

to base plane of polar coordinate system.
The present version of GEOCARG is limited
to posigrade conditions between the

0-T and base planes. This limitation
necessitates the following restriction
of FI. In radians

0<FI< /2

Argument of state vector in O-T plane
past the ascending node of this plane

on the base plane of the polar coordi-
nate system.. In radians

-T < A <7

Longitude or right ascension in the

base plane of the ascending node of

the O-T plane measured relative to some
inertial reference axis. If the base
plane is the earth's equatorial plane,
RN would be the right ascension of the
ascending node of the O-T plane relative
to the first point of Aries. In radians

-7 <RN <

Azimuth of the O-T plane at the state

vector in the polar coordinate system.
In radians

0 <AZ <7

Longitude of the state vector, measured
in the base plane, past the ascending
node of the 0~T plane on the base
plene. In radians

-m<B<m

Declination of state vector relative
to base plane of coordinate system.
In radians - -

- /2<Cc < /2
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Parameter
name In/Out Type Description
RA Out Real Longitude or right ascension of the

state vector, measured in the base plane
from the inertial reference axis. If
the base plane is the earth's equatorial
plane, RA would be conventional right
ascension measured from the first point
of Aries. .In radians

- 1T < RA <7

2.7.3.3 Label common: There is no label common.
2.7.3.4 Sample usage: Refer to "Calling Sequence" above.
2.7.3.5 Storage required: Coding occupies h168 (27010) locations.

2.7.3.6 Error Codes and diagnostics: There are no error codes or
diagnostics.

2.7.4 Method.-
2.7.4.1 Statement of algorithms: Initially, tests are made for

special situations wherein the calculations of AZ, B, and C do not require
the normally used arctangent equations.

If FI = O , AZ = "/2 B=A C =0
If FI = 7 , AZ = - /2 B = -A C=0
If FI = "/2 and [A] < 5 ,AZ = 0 B=0 C=A
™ hil
IfFI=§andAi§, AZ = B=ag1 C=m-~-A
m ™
If FI = E-and A< - 5 AZ = m B=mn C==-A«~-n
e A="/2, AZ = /2 B =T/2 C = FI
IrA=""/2, AZ = "/2 B=""/2 C = -FI
If A=0, AZ = "/2-FI B=0 C=0

IfA=nm, AZ = "/2+FI B = C=0
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If none of the above conditions exist, AZ, B, and C are calculated
by the following arctangent eguations. A two quadrant (ATAN) function is
used to calculate C. A four quadrant (ATAN2) function is used to calculate
A7 and B, the arguments being chosen to provide answers in the proper

quadrant.
AZ = tan-! (M)
cos A
B = tan‘l(tan A cos FI)
C = tan-! (tan FI sin B)

In all cases, RA is calculated as the sum of RN and B, defined
between *1 by calling subroutine HELP.

2.7.4.2 Derivations or references: There are no derivations
or references.

2.7.5. Restrictions.-

2.7.5.1 Range of numbers that can processed: BSee the range restric-
tions of input parameters under argument description.

2.7.5.2 Range of applicability: GEOARG is designed for use in the
CIST system. However, it may be applied to other programs within the
confines of its definition.

2.7.5.3 Other programs required: Subroutine HELP is required.

2.7.6 Accuracy.- Limits of accuracy are determined by the limits
of the system FORTRAN library functions.

2.7.7 Coding information.- All calculations and input and output
are in single precision.

2.7.8 Listing.-
SJ3RIJTINTG 3Z04R3 (FI»AsRN»AZ»39CrRA)

C INPJUT = FI = INCLINATION 27 O0-T PLANZI TO 3ASI PLANC

< A = ARGUMINT PAST ASTINDING NODZ IN O0-T 2.ANZ
< IN T ISAT ASCINSION OF ASTINIING NOOZ

C

C VJTPJT = AZ = AZIMJITH

c 3 = JONSITUDZ IN 3ASZ PLAZ PAST ASCENDINSG NODE

(Listing continued on next page)
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10

20

50

40

o0

70

T3

JZCLINATION RILATIVE TO 3ASZ PLANZS
RISAT ASCTINSION

RA
ALL ANGLZIS ARZ IN RADIANS

PIzo.1415927
AP=1.537073535
IF(FI.NZ.0.0) 30 TO 10
AZz=HP

3zA

S=U.0

50 TO 70

IF(FI«NZ.21) 50 TO 20
AZ==HP

3z=-A

c=0.0

50 TO 70

IF(FI.NZ.4P) 30 TO 30
AZ=0.0

3=0.0

C=A

IF(A35(a)..T.4P) GO TO 70
AZ=PI

3=PI

CZSIiGN(PIra)=A

50 TO 70

IF(A35(A).NZ.4P) 50 TO 40
AZ=SIGN(HP»4P~F1I)
3=5I6N(APrAX(4P=F1I))
CESIGN(FINa)

50 TO 70

IF(A«NZ.0,0) 50 TO 50
3z0.0

C=0.0

AZ=AP=F]

G0 TO 70

IF(ANZLPI) GO TO 50

3=P1

c=U.0

AZ=HP+F]

CALL HZLP (a2)

G0 TO 70
AZZATANZ2(COS(FI)»SIN(FI)*Z0S(A))
3=ATAN2(SIN(A)*COS(~I)»C0S(A))
CZATAN(SIN(FI)*SIN(3)/C0S(FI))
RA=ZRN+3

CALL HZLP (RA)

Rz TJRN

ZND
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2.8 Subroutine GEOLAT

2.8.1 Identification.-

GEOLAT (Trigonometric Routine)
F. Johnson, January 31, 1968
IBM 7094

FORTRAN IV

2.8.2 Purpose.- Subroutine GEOLAT is used to calculate angles
describing a state vector in an orbit-trajectory (0-T) plane in a polar
coordinate system. It is not mandatory that the base plane of this coor-
dinate system be the earth's equatorial plane, although this is usually
the case.

Inertial O-T plane
reference axis

Base plane

Given FI, C, and RA, GEOLAT calculates A, B, AZ, and RN. There are two
solutions to this type of problem, one having azimuth greater than /2

the other having azimuth less than /2. The desired solution is indicated
by the index I, which is input in the calling argument. With the exception
of I, all parameters are angles, the units of which are radians.

2.8.3 Usage.-

2.8.3.1 Calling sequence: CALL GEOLAT (FI, C, RA, I, A, B, AZ, RN).



2.8.3.2 Arguments:

Parameter

name In/Out Type

FI In Real
C In Real
RA In
I In Integer
A Out Real
B Out Real
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Description

Inclination of 0-T plane to the base
plane of the polar coordinate system.
The present coding of GEOLAT is limited
to posigrade conditions between the
O0-T and base planes. This limitation

necessitates the following restriction
of FI. In radians

0 <FI<"/2
Declination of the state vector relative
to the base plane of the coordinate system.
In radians

-T/2 <c <"/

Longitude or right ascension of the
state vector, measured in the base
plane from the inertial reference
axis. If the base plane is the
earth's equatorial plane, RA would
be conventional right ascension
measured from the first point of
Aries. In radians

- mT<RAK<T

Index defining which of two possible
solutions is desired.

I

1 solution with 0 < AZ < "/2

T = 2 solution with "/2 < AZ < =

Argument of state vector in the O-T
plane past the ascending node of this
plane on the base plane of the polar
coordinate system. In radians

- T <A<nqm
Longitude of the state vector, measured
in the base plane, past the ascending
node of the O-T plane on the base

plane. In radiang

-=m<B<n
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Parameter o
name In/Out Type Description
A7 out Real Azimuth of the O-T plane at the state
vector in the polar coordinate system,
in radians. Sincc the present coding
of GEOLAT is limited to posigrade cases,
O <AZ <
RN Out Real Longitude or right ascension in the

base plane of the ascending node of the
O-T plane measured relative to some
inertial reference axis. If the base
plane is the earth's equatorial plane.
RN would be the right ascension of the
ascending node of the 0-T plane
relative to the first point of

Aries. 1In radians

2.8.3.3 Label common: There is no label common.
2.8.3.k Sample usage: Refer to "Calling Sequence " above.
2.8.3.5 Storage required: Coding occupies 3h28 (22610) locations.

2.8.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

2.8.4 Method.-

2.8.4.1 Statement of algorithms: Initially, tests are made for
values of C being equal to O, FI, and -FI. 1In these special cases the cal-
culation of A, B, and AZ are very straightforward and the arctangent
equations normally used are bypassed.

IFC=FI,A="/2,B="/2, 8z = "/p.

If C= -FI, A=-"/2,B=_T/2, a7 = "o,

]

IfC=02adI=1,A=0,B=0,42="/2_ L

If C /2 + FI,

Oand I =2, A = T, B =1, A%
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When GEOLAT was first coded, there was no arcsine function available
in the function library. Consequently, A is calculated using an arctangent
function, the argument of which is the expression for tangent as a function
of cosecant. The cosecant of A is equal to sin (FI)/sin (C), and is
given in the address CSCA. . The expression for the tangent of A is in
double precision to achieve better accuracy near A = i_v/2, where the slope
of the cosecant curve is near zero. The value of A given by the ATAN
function will be in the first quadrant. Proper quadrant allocation is
achieved by subsequent statements testing I and C.

With A defined in the proper quadrant, B and AZ are calculated using

a four quadrant arctangent function (ATAN2), the arguments of which are
designed to provide answers in the proper quadrant.

B = tan-! (tan A cos FI) .

AZ = tan~! ctn FI
cos A

In all cases, RN is calculated as RA - B, defined between -7 and
m by calling subroutine HELP,.

2.8.4,2 Derivations or references: There are no derivations or
references.

2.8.5 Restrictions.-

2.8.5.1 Range of numbers that can be processed: Refer to the limits
outlined in the section "Arguments'.

2.8.5.2 Range of applicability: Subroutine GEOLAT is a routine
designed within the framework of the CIST system. Its use in other pro-
grams must lie within the limits of its definition.

2.8.5.3 Other programs required: Subroutine HELP is required.

2.8.6 Accuracy.- Accuracy is determined in general by the limits
of the system FORTRAN library functions.

2.8.7 Coding information.- All calculations and input and output
are in single precision.
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INPJUT = FI = INCLINATION
C = JzlUINATION
RA = RI154T ASTZINSION
1 = JAIRANT INSTRUCTION
FOR A AND 3 IN FIRST OR =DURTH QUADRANTS,
S0 A AND 3 IN SIZICTOND OR THIRD QUADRANTS,
QUTRJIT = A = ARSJIMINT PAST ASCINIING NOIZ
3 = WONGITJIZ PAST ASCENDING NODE
AZ = AZiMJITH
RN = RIoAT ASCINSION OF ASCENDING NOOZ
ALl ANGLzZS> ARI IN RADIANS

10

30

44J

78

2.8.8 Listing.-

SUIROJITUINI SZ0CAT (FI»CeRAPIrA»3rAZeRN)

J0J3z PRZCISION T5CA
PI=3,1415327

IF(A3S(C),NZ.71) 30 TD 10
AZ=Pl/2.0

A=5IoV(AaZe )

3=A

290 TU 40

IF(CeNZ,.0,U) 30 TO 50
IF(lezde2) 30 TO 20

AZQ .

3=0.0

AZzZPi/2.,0-~1

530 TO 40

AZP]

3zP1

AZz=PI/2,0+"71

a0 TO 40

CSCA=SIN(SIL)/SIN(T)
AZATAN(1,0/J5QT(C52A%C5CA-1,000))
I=(l.ZQ.2) Az=PI-A

IF(CeTo0.,0) AZ-A
3=ATANZ2(SIN(A) *ZOS(FIY»C05(A))
AZZATANZ2 (ZOS(=I) o SIN(=1)%205(A))
RNZRA=3

cALl AP (RN)

Rz TJRN

ZND

N =
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2.9 Bubroutine HELP

2.9.1 Identification.-

HELP (Quadrant Allocation Routine)'
F. Johnson, January 31, 1968

IBM 7094
FORTRAN IV

2.9.2 Purpose.- Subroutine HELP
(X) to a value within the interval -nu

2.9.3 Usage.-
2.9.3.1 Calling sequence: CALL

2.9.3.2 Arguments:

Parameter
name In/Out Dimension Type
X In 1 Real
X Out 1 Real
2.9.3.3 Label common: There is

2.9.3.h Sample usage: Refer to

2.9.3.5 Storage required:

2.9.3.6 Error Codes and diagnostics:

diagnostics.
2.9.4 Method.-
2.9.4.1 Statement of algorithms:

If X > m, then X = X - 27 until

redefines by mod 27 a given angle
<X <.

HELP (X)

Description

Input angle, in radians, no
limitation in sign or magnitude

Output angle, in radians, equal to
the input angle defined in the

interval -m < X < 7 by mod 2r.
no label common.

"Calling Sequence" above.

Coding occupies 678 (5510) locations.

There are no error codes or

X<

If X< - m, then X = X + 27 until X > -7

2.9.4.2 Derivations or references:

references.

There are no derivations or
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2.9.5 Restrictions.-

2.9.5.1 Range of numbers that can be processed: The only limitations
imposed are those set by the hardware and software capability of the
computer. The argument is single precision.

2.9.5.2 Range of applicability: Subroutine HELP is a general routine
that can be used with any program.

2.9.5.3 Other programs required: No other programs are required.
2.9.6 Accuracy.-
2.9.6.1 Method of determination: See "Restrictions".

2.9.T7 Coding information.- All calculations and input/output are in
single precision.

2.9.8 Listing.-
SUSRIJTINI HZL> (X)

THZ ANSCZ X» IN RADIANS, IS JDIFINID 3ZTWEIN +PI AND =PI

(SN e N @]

Piz3.,1415927

10 IF(X.LZ.PI) 52 TO 20
X:X'EOO*PI
50 TO 10

20 IF(X.5T.(=PI)) GO0 TO 30
X=X+P[%2,0
80 TO 20

50 RETURN
ZND
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3.0 SUBROUTINE UPDATE
3.1 Identification

UPDATE (TLI targeting update routine)
F. Johnson, January 31, 1968

IBM TO9k

FORTRAN IV

3.2 Purpose

Subroutine UPDATE modifies TLI targeting elements defined in subroutine
CIST to compensate for a dispersion in the time of the parking orbit state
vector. This time dispersion is the difference between the actual, or real
time, time of the parking orbit state vector, and the time defined by CIST
as being necessary for coplanar TLI.

The modification of TLI targeting elements performed in UPDATE is
described in reference T7; it consists of a change in the inertial position

~

of the unit M vector, with no changes in either the hypersurface radius

(o) or trajectory energy (C3 or W). The change in M position consists of
a rotation through the angle y around the angular momentum vector of the
moon as defined at the time of trajectory pericynthion.

In reference 7, several different methods are described for calculating
the angle y. 1In this version of UPDATE, ¢y is calculated by the following
equation. (See USAGE for definitions of the variables).

_ WV - (WE cos FIV)
b= WV - (WM cos FIVTL)) TOIDIS

Subroutine TUPDATE has been essentially unchanged since its original
documentation in reference 8.

3.3 Usage

3.3.1 Calling sequence.- CALL UPDATE (TOIDIS)

Previous to calling UPDATE, two things must be done: (1) CIST must
be called, thus defining the variables in the SIMUL block which are input
to UPDATE, and (2) TOIDIS must be defined.
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TOIDIS is the time dispersion in hours of the input state vector in
earth parking orbit. There can be a great deal of confusion concerning
the sign of TOIDIS. Hopefully, the following detailed definition of TOIDIS
will eliminate or at least reduce this confusion.

Real time (actual time) Time of input parking
TOIDIS = of input parking orbit _ | orbit state vector de-

state vector, in hours fined by CIST for co-

relative to a base time planar TLI, in hours

relative to a base time

Consequently, TOIDIS is positive if the actual orbit state vector is late
for coplanar TLI, and negative if it is early.

3.3.2 Arguments.-

Parameter
rname In/Out Dimension Type Description
TOIDIS In 1 Real See above

3.3.3 Label common.-~ All variables are input with the exception of
locations 76, 78, 79, and 80.

Location in

SIMUL block  MNEMONIC Description

LL W Angular velocity of the moon, in rad/hr

45 XHM

L6 YHM Cartesian components of the angular momentum
vector of the moon, in e.r.?/hr

L7 ZHM

58 WV Angular velocity of the vehicle in earth
parking orbit, in rad/hr

59 WE Angular velocity of the earth's rotation,
in rad/hr

60 FIV Inclination of the earth parking orbit to
the earth's equator, in radians

61 FIVIL Inclination of the trajectory plane at

perigee to the MOP for coplanar TLI, in
radians. FIVTL is defined as negative if
the trajectory is going below the MOP.



Location in

SIMUL block MNEMONIC
63 C3
64 RA3
67 ZMH
68 YMH
69 ZMH
71 RNV
Th Al
76 DEL
78 XUMH
79 YUMH
80 ZUMH

83

Description

Declination of the M target vector defined
by CIST for coplanar TLI, in radians

Right ascension of the M target vector.
defined by CIST for coplanar TLI, in
radians.

-T < RA3 <m

Cartesian components of the original unit

M TLI target vector as output by CIST for
coplanar TLI.

Right ascension of the ascending node of
the earth parking orbit on the earth's
equator, in radians.

-m < RNV < 7
Argument in the earth parking orbit plane
of the input state vector, past the ascend-
ing node on the earth's equator, in radians.
-m <Al <
6, the latitude of the updated unit M TLI

targeting vector relative to the dispersed
parking orbit plane, in radians.

Cartesian components of the updated unit

M TLI targeting vector.

3.3.4 Sample usage.- Refer to "Calling Sequence" and Label Common"

above.

3.3.5 Storage required.- Coding occupies 10218(52910) locations.

3.3.6 Error codes and diagnostics.- There are no error codes or

diagnostics.
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3.L Method

3.4.1 Statement of algorithms.- The angle ¥ is calculated in both
radians (PSI) and degrees (PSID).

WV - (WE cos FIV)
WV - (WM cos FIVTL)

PST = WM TOIDIS

PSID = PSI 57.29578

The original M target vector defined in CIST (denoted below as MO)
is then rotated around the angular momentum vector of the moon (denoted

below as ﬁ;) by the angle PSI to the updated position (denoted below as

~

Mu)
E .M
- M . N .
M o= -2 OfF™, sin PST = py ,cos PST e 0y o F
u —»2 m —— m (e} -’2 m (o] m
1T 17| [H_|
m m m

The angular momentum vector, ﬁ;, corresponding to the parking orbit

state vector with the time dispersion is calculated. An intermediate
variable, DISRNV, which is the right ascension of the ascending node of
the parking orbit plane with time dispersion, is used in doing this.

DISRNV = RNV + (WE)(TOIDIS)

HVX = gin FIV sin DISRNV
HV& = —-sin FIV cos DISRNV
HVZ = cos FIV

The angle DEL is then calculated as w/2 less the angle from ﬁv to Mu’
in radians and degrees (DELD). For printout purposes, the right ascension

and declinations of MO and Mu are calculated.

For checkout purposes, the central angle CAR, in radians, (CA is in
degrees) between Mo and Mu is calculated. This angle should be very close

to PSI in both magnitude and sign.
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Finally, the angle ARC in the parking orbit plane from the state
>
vector with the time dispersion to the perpendicular plane containing Hv
and Mu is calculated in radians and degrees (ARCD). 1In doing this, the

position wvector, FBV, corresponding to the time dispersion orbit state
vector is defined.

CALL GEOARG (FIV, Al, DISRNV, AZl, Bl, Cl, RAl)

POVx = cos Cl cos RAl
POV& = cos Cl sin RAl
POVZ = sin C1

ARC is then calculated as the angle from TOV to (ﬁ; X Mu) less w/2.

The hypothetical coast time, CT, in orbit over ARC is then calculated as
ARC/WV.

It is important not to confuse ARC and CT with the coast arc and time
in orbit from the input orbit state vector to the beginning of the TLI
thrust maneuver. In order to calculate these values, it is necessary to
know the value of the angle a, which is measured in the parking orbit plane
from the beginning of the TLI maneuver to the perpendicular projection of

M.
u

The value of o calculated in TLIMP for CIST is for coplanar TLI only
and is not applicable to plane change TLI's, which will occur whenever §
is not zero.

3.4.2 Derivations or references.- See references 7 and 8.

3.5 Restrictions

3.5.1 Range of numbers that can be processed.- This is to be
determined.

3.5.2 Range of applicability.- Subroutine UPDATE is a specialized
routine for use only with the CIST package.

3.5.3 Other programs required.- Subroutines ANGLE, CROSS, and GEOARG,
HELP are also required.
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3.6 Accuracy.~ Accuracy is to be determined.

3.7 Coding information.- All calculations and input and output are
in single precision.

3.8 Listing.-

SUIROJTINI UPIATZ (TOIJIS)
COMMON / SIvMJUL 7/ PRI(30)9XMS(25) 9 TAR(25),TRAJ(20)
JIMINSION POovV(3)4V(5)rdUM(H)
ZQJIVALINT D (XMS(14)rav)
SQUIVALINTZ (XM35(19) s X4M)
ZQUIVALINTZ (XM5(10)sYH4M)
SQJIVALINTZ (XM5(17)»24M)
SQUIVACINTSI (TAR(3)»4V)
ZQULVALINCZ (TAR(Y) » W)
ZQUIVALZINII (TAR(D)»71IV)
ZTQUIVALINCZ (TAR(B)»FIVTL)
ZQUIVALINCZ (TAR(8)»C3)
ZQJIVALINCT (TAR(9)»RA3)
ZQUIVALINCZ (TAR(12)9XMvH)
SQUIVALZINCZ (TAR(13)»YMH)
ZQUIVALINCZ (TAR(14)eZMH)
ZQJIVACINIZ (TAR(10)»RNV)
SQUIVALINCZ (TAR(19).A1)
ZQJUIVALINCZ (TAR(21)9DZL)
ZQULIVALINTZ (TAR(23) e XIMUH)
ZTQUIVALINZZ (TAR(24)»YJMH)
ZAJIVALINTZ (TAR(25)9rZ2JMH)
PI=3.1415927

JPR=57.23578

PSI=WMAkTOI SISk ((WV=WZxCOS(FIV))/Z(WV=aMKkCOS(FIVTL)))
P513=P51I%2PR
JOT=XMARXAM+ Y Mk Y A+ ZV 4% 24V
AOMSAZTX AR X AM+ Y Ak Y A+ Z 4% ZHM
HOM=SART (4IM53)

C01=30T/40M3Q
CO02=5IN(PSI) /40
c03=C05(P51)/40vs5Q

XCLloYAMRZM =724k Y M
YC1lZZAV* XA =X A Z M-
LCLz=XATMRYMA =Y A4 X MH

(Listing continued on next page)
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XC22YC1%Z-4AM=ZZ1%xY4M
YC2zZl1%XAM=XC1%ZHM
LC22XC1*Y4M=YC1%XHM
XUMAZCO1%XAM+C024XC1+C03%X L2
YUMAZCO1%YAM+C024YC1+203%YC2
ZUMAZCO1%Z4AM+C02%2C1+203%252

THZ FOLLOWING STATZIMINTS ARZ FOR THES CALCULATION OF DJELTA AN)D ’
OTHIR PARAMITZIRS OF INTZRIST

900

JISRNVZRNV+WEXTOIDIS
CALL AZLP (JISRNV)
VL) =SIN(FIV)«SIN(DISRNY)
AV(2)==SIN(FIV)*COS(JISRNV)
4AV(3)=C0S(F1IV)
CALL CROSS (HVsXUMH)yIUM)
CALL ANGLEZ (HV e XJMH» UMy DZL,D2LD)
JEL=PI/2.0-DZL
JILI=IJZL%x)PR
RA3I=RA3%IPR
C30=C3%IJPR
RASJZATAN2(YUMHs XUMH) %xDJPR
C3U=ATAN(ZJW&/SQRT(XJWA*XUWH+YUWH*YUWH))*DPR
CALL ANGLI (XMA» XUMH» X4M» CAR» CA)
CALL GZIDARS (FIVs»A1»DISRNVIAZ1+31+C1sRAL)
POV(1)=C05(C1)%C0S(RAL)
POV(2)=C0S5(C1)*SIN(RAL)
POV(3)=SIN(C1)
CALL ANGLZI (POVyIDUMyAVIARCIARSD)
ARC=ARC=PI/2.0 .
CALL HILP (ARZ)
ARCD=ARC*JPR
CT=aRC/wvV , , _
WRITZ (6+300) TOIDIS.PSID.CbDvRASDoC3U'RA3u'CA'DELD'ARCDrCT
FORMAT(1A1///514 JISPIRSION IN 40URS OF THZ ORSBIT STATZ VECT
10R/18Xy35H7R0M THE VALJUZ PRESCRIZED 3y CIST S9r~13,.8938X%X»
244DICL213Xs54RYTAS/ /743Xy 64PSI =rF138¢15Xr13HORIGINAL MHAT»2F18.8
3/82X9»134UPIJATED VHAT,»2718,8/
4 99Xy 42HCINTRAL ANGLEZ 3ZTWIZZN MHAT DEFINZD BY CIST/
5 31Xr234AND THIZ UPDATZID MHAT SeF13.8//746Xe8HIZTA =9F13.,8//
© 514 ARC FROM OR3IT STATZ VICTOR, WITH TIME JISPERSION,/
7 7Xe444TO THZ PLANE CONTAINING UPDATED MHAT AND TH:S/
8 16Xr334ANGJULAR MOMENTUM VILTOR OF TH: MOON =,F13,8//
351H 4YPOTHITICA COAST TIMZ, IN HOURS, OVER TH:Z A30VZ/
1 27X927A4ARC IN THZ PARKING OR3IT =»F13.8)
RZTURN
IND
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L.0 SUBROUTINES OF UPDATE

4.1 Subroutine ANGLE

4,1.1 Identification.-

ANGLE

F. Johnson, January 31, 1968

IBM 709k
FORTRAN IV

h.1.2 Purpose.- Subroutine ANGLE calculates the angle between two

3-space vectors VEC1l and VEC2.

This angle is defined between -1 and .

The proper quadrant of the angle is determined by the orientation of VEC1
and VEC2 with respect to a third 3-space vector VEC3.

4h.1.3 Usage .-

4.1.3.1 Calling sequence:

4.1.3.2 Arguments:

Parameter
name In/Out Dimension Type
VEC1 In 3 Real
VEC2 In 3 Real
VEC3 IN 3 Real
XR Out 1 Real
XD Out 1 Real

4.1.3.3 Label common:

4L.1.3.4 Sample usage:

CALL ANGLE (VEC1, VEC2, VEC3, XR, XD)

Description
Input vector
Input vector
Input vector

Angle between VEC1l and
VEC2 in radians.

-1 < XR <m

Angle between VEC1 and
VEC2 in degrees.

-180° < XD < 180°

There is no label common.

Refer to "Calling Sequence" above.

L.1.3.5 Storage required: Coding occupies 1168(7810) locations.
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4.1.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

4,1.4 Method.-

4.1.4.1 Statement of algorithms: First, using a four quadrant
arctangent function (ATAN2), the angle XR from VEC1 to VEC? is calculated.
The numerator of the ATAN2 argument is the magnitude of VECL x VEC2, the
address of which is H(4). The denominator of the ATAND argument is the
dot product of VEC1 and VEC2, the address of which is DUM. H(4) is always
positive but DUM can have negative or positive values. Thus, the value of
XR given directly by the ATAN2 function will always be in the first or
second quadrants. This value of XR is not redefined if the angle between
VECL x VEC2 and VEC3 is less or equal to m/2. This condition is tested
by redefining DUM as the dot product of VEC1 x VEC2 and VEC3, and then
testing the sign of DUM. If DUM is negative, indicating that the angle
between VECl x VEC2 and VEC3 is between m/2 and m, XR is redefined as -XR.
XD is then defined as the equivalent of XR in degrees. VEC3 can be con-
sidered as representing the direction of "up", and XR is the angle from
VEC1 to VEC2, measured in a counterclockwise direction around VEC3.

VEC3 (indicates direction of "up™)
)

Plane perpendicular VEC2 with XR > 0
to VEC3

VEC2 with XR < 0




4.1.4.2 Derivations or references: There are no references or
derivations.

4,1.5 Restrictions.-

4.1.5.1 Range of numbers that can be processed: Any vectors repre-
sented in Cartesian coordinates can be processed.

4,1.5.2 Other programs required: CROSS, DOT are also required.

4.1.6 Accuracy .- The limits of accuracy will be imposed by the system
FORTRAN library functions.

4.1.7 Coding information.- All computations and input and output are
in single precision.

4.1.8 Listing.-

SU3RIOJTINI ANSLZ (VEC1»VECZ2eVIC39XReXD)
DIMINSION VICL1(3)eVIC2(3)9VZC3(3)eH(5)
CAL. CROSS (VZICl,vZIl2,d)

CALL 20T (vzCl1l,vEIC2,JJM)
XRZATANZ2(H(4) 0 JUM)

CALL DJ0T (H4yVZCT392UM)

IF(JUMeTo0.0) XR==XR

XJ)=X%57,29578

RZTJRN

IND

4.2 Subroutine DOT

4.,2.1 Identification.-

DOT (Vector Dot Product Routine)
F. Johnson, January 31, 1968
IBM 7094

FORTRAN IV

4.2.2 Purpose.- Subroutine DOT computes the dot, or scalar, product
of two given 3-space vectors.

4.,2.3 Usage.-

4.2.3.1 Calling sequence: CALL DOT (VEC1l, VEC2, X)
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4.2.3.2 Arguments:

Parameter
name In/Out Dimension Type Description
VEC1 In 3 Real Input vector "R"
VEC2 In 3 Real Input Vector "B"
X Out 1 Real  Scalar product

4.2.3.3 Label common: There is no label common.
4.2.3.4 Sample usage: Refer to "Calling Sequence" above.
4L.2.3.5 Storage required: Coding occupies 6h8(5210) locations.

L.2.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

L.2.4 Method.-
4L.2.4.1 Statement of algorithms:
> >
A+B=X
where A and § are given vectors and X is the magnitude
- >
IAI |B| cos < AB

4.2.4.2 Derivations or references: There are no derivations or
references.

4.2.5 Restrictions.-

4.2.5.1 Range of numbers that can be processed: Arguments must be
in single precision.

4.2.5.2 Range of applicability: Subroutine DOT is a general purpose
single precision dot product routine.

4.2.5.3 Other programs required: No other programs are required.

h.2.6 Accuracy .- Accuracy is limited only by the hardware/software
limitations of the computer.

4.2.7 Coding information.- All computations and input and output are
in single precision.
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4,2.8 Listing.-

SU3ROUTINZ J0T (VZCT1.VZT2eX)

JIMINSION vZC1(3),VZC2(3)
X=vzZCl1(1)%vzC2(1)+VZC1(2)xVEC2(2)+VIC1(3)*VZL2(3)
RETURN

IND

4.3 Subroutine CROSS

4.3.1 Identiification.-

CROSS (Vector Cross Product Routine)
F. Johnson, January 31, 1968

IBM TO9L

FORTRAN IV

4.3.2 Purpose.- Subroutine CROSS computes the single precision cross
(or vector), product of two given 3-space vectors. The magnitude and its
square are also returned with the 3-space product.

4.3.3 Usage.-
4.3.3.1 Calling sequence: CALL CROSS (VECl1, VEC2, VECL)

4.3.3.2 Arguments:

Parameter

name In/Out Dimension Type Description

VEC1 In 3 Real Input vector U

VEC2 In 3 Real Input vector g

VECh Out 5 Real The first three locations
are the wvector cross pro-
duct ("C").
VECK(L4) = Magnitude of

the vector
cross product

VECL(5) = The square of

the magnitude
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4.3.3.3 Label common: There is no label common.
L.3.3.4 Sample usage: Refer to "Calling Sequence" above.
4.3.3.5 Storage required: Coding occupies 1hh8(10010) locations.

4.3.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

4.3.4 Method.-~

4.3.4.1 Statement of algorithms: TInitially the cross product of
the input 3-space vectors is computed.

£x8=0
where A and B are given vectors and C is a vector of magnitude
> - >
IAI IBI sin 4 AB

and direction such as defined by the right-hand rule. Then the magnitude

IEI and its square IEIZ are computed.

4L.3.4.2 Derivations or references: There are no derivations or
references.

4.3.5 Restrictions.-

4.3.5.1 Range of numbers that can be processed: Arguments must be
single precision.

4.3.5.2 Range of applicability: Subroutine CROSS is a general purpose
vector cross product routine.

4.3.5.3 Other programs required: No other programs are reguired.

4.3.6 Accuracy.- Accuracy is limited only by the hardware/software
limitations of the computer.

4.3.7 Coding information.- All calculations and input and output are
in single precision.
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4.3.8 Listing.-

SU3ROJTINI CROS5S (VZC1»VEC2,VZL3)

JIMZINSION vzC1(3)»vzl2(3)»VEC3(5)
VZCS(1)=VIT1(2)*VZ22(3)=-VZIC1(3)*VzC2(2)
VEZCI(2)=VvIZl1(3)*vIC2(1)=VIC1(1)*vZC2(3)
VECS(3)=VIC1(1)*vIl2(2)=VZIC1(2)%VIC2(1)
VECA(5)=VICT3(1)%VZC3(1)+VIC3(2)*VZC3(2)+VECI(3)*VIC3(3)
VECS(4)=S5ART(VZC3(D))

Rz TJRN

aND

4.4 Subroutine HELP

This subroutine is identical to the subroutine HELP called by CIST.
Refer to section 2.9 for a detailed description.
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5.0 THE USE OF SUBROUTINES CIST AND UPDATE IN PROVIDING
FIRST GUESSES FOR THE RTCC PROCESSOR
The generation of first guesses for the RTCC TLI processor occurs in
the following five sequential steps, which will be described in detail in
the order of their occurrence.
1. Initialization before calling CIST.
2. Call CIST.
3. Initialization before calling UPDATE.
L. Call UPDATE.
5. Use of UPDATE output.
5.1 Initialization Before Calling CIST

Before CIST can be called, several things must be done.

First, the input data must be loaded into the PRE array of the SIMUL
common block with proper units (section 1.3).

Second, the ephemeris must be initialized relative to a base time
specified by PRE(1), PRE(2), and PRE(3). The times of all state vectors
in CIST are measured relative to this base time, which is the midpoint of
the 24-hour period within which the time of the input parking orbit state
vector is to be defined.

Third, the right ascension of Greenwich (RAGBT) at zero hours (at
base time) must be defined, in radians. RAGRT is the only variable in the
calling argument of CIST.

5.2 Call CIST

Assuming successful convergence, CIST will define the following, for
coplanar TLI:

1. Time (T1l) of the input parking orbit state vector.

2. ©GCtate vectors at the beginning and end of the TLI thrust maneuver.
3. Perigee state vector of the translunar trajectory.

L. A1l TLI targeting elements, including characteristic velocity.

5. Time of pericynthion.
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5.3 Initialization Before Calling UPDATE

Immediately after control has returned to the program calling CIST,
the convergence index COI (see TAR(1) in section 1.3) should be interrogated.
Successful convergence is indicated by COI = 0.0.

If COI # 0.0, CIST did not converge successfully and the output of
CIST should be disregarded. In these unconverged cases with the present
version of CIST, there are two alternatives, both of which leave much to
be desired. The user can either input a different input parking orbit
state vector and/or a different pericynthion position of the simulated
trajectory, and then call CIST again.

Assuming successful CIST convergence, all that has to be done before
calling UPDATE is to define the time dispersion (TOIDIS) of the input
parking orbit state vector. As defined in section 3.1, TOIDIS is the
difference in hours between the real time, actual, time of the input parking
orbit state vector and that time defined by CIST as being necessary for
coplanar TLI. This latter time for coplanar TLI, is denoted as Tl and is
stored in location 57 in the SIMUL block, TAR(2). The sign of TOIDIS is
very important.

real time (actual) time
TOIDIS = Jof input parking orbit -T1
state vector

Both of the times in the right member of the above equation are meas-
ured relative to the G.m.t. base hour stored in PRE(3). If the G.m.t. base
hour is input as the actual time of the parking orbit state vector, the
first term in the above equation becomes zero, and the calculation of
TOIDIS becomes greatly simplified, as indicated by the following equation:

TOIDIS = -T1

It should be pointed out that the shorter the coast time in orbit,
from the input state vector to the beginning of TLI, the more accurate is
the T1 defined by CIST. Consequently, the values of TOIDIS given by the
above equations for input parking orbit state vectors which are approxi-
mations to the beginning of TLI, will be relatively accurate. This is
because in the present version of CIST, the parking orbit is very crude,
being calculated as inertially fixed and perfectly circular. Needless to

say, values of TOIDIS given by the above equations for an insertion state
vector will be relatively inaccurate.
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5.4 Call UPDATE

As described in section 3.1, calling UPDATE will modify the position

of the M TLI target vector defined in CIST for coplanar TLI, to compensate

for the dispersion TOIDIS of the time of the input parking orbit state
vector.

5.5 Use of UPDATE Output

The TLI targeting elements defined by CIST and UPDATE which should
be used in subsequent real-time mission planning are the following:

1. 5, the perigee hypersurface radius [location 65 in SIMUL block,
TAR(10)].

2. W, the trajectory energy at perigee [location 66 in SIMUL block,
TAR(11)].

3. The updated unit M TLI target vector [Cartesian components in
location 78, T9, 80 in SIMUL block, TAR(23, 24, and 25)].

It is unfortunate that S, W, and M are not the independent variables
used in subsequent iterative trajectory calculations. The independent
variables commonly used are S, W, CTIO (coast time in parking orbit from
the dispersed orbit state vector to the beginning of TLI), and DEL (8, the

latitude of M relative to the dispersed parking orbit plane).

To begin an iteration using S, W, CTIO, and DEL as independent vari-
ables, i1t is first necessary to calculate values of CTIO and DEL which are

compatible with the updated M. To calculate this initial value of CTIO,
it is necessary to know the angle o, which is the angle in the parking
orbit plane from the beginning of TLI to the perpendicular projection of

M.
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Dispersed
parking orbit
.. plane
Dispersed Beglnning
f TLI
parking orbit © s
state vector J// )

N

’¥>/,a—/’/’a \E\\

d _,:?,///”’/ai. M defined by UFDATE
- \ ARC .
e

(CTIO is the coast
time over this angle)

It is imperative that the angle o, used in this calculation of initial
CTIO, be calculated by the same TLI simulation which will be used to cal-
culate o and the other dependent TLI simulation variables in the subsequent
iteration. If this is not done, the initial CTIO will not be compatible

with the M defined by UPDATE, and the first trajectory in the iteration
will not be as good a beginning as it could be.

A sufficiently accurate value of CTIO can be calculated by the follow-
ing equation:

_ ARC - o
CTIO = v

ARC is the angle in the parking orbit plane from the dispersed state

vector to the perpendicular projection of M (see figure above), and WV is
the angular velocity of the vehicle at the dispersed state vector. Given

the update M and the dispersed parking orbit state vector, the calculation
of the angles ARC and DEL are straightforward problems in trigonometry and
vector analysis. These calculations of ARC and DEL are performed in
UPDATE.
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In addition, the hypothetical coast time (CT) in hours over the angle
ARC is calculated in UPDATE.

ARC
CT = WV
In this calculation, the value of WV used is that of a circular orbit
having the radius of the dispersed state vector. However, the wisdom of
calculating CT in UPDATE is questionable, for invariably someone confuses

CT with CTIO, regardless of how plainly CT is defined in the UPDATE
printout.
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